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ABSTRACT 
 
This thesis investigates the electronic structures and energy level alignments at 
interfaces between organic semiconductors and a ferromagnetic metal Co substrate, 
and highlights how to optimize the interfacial carrier injection barrier by the insertion 
of a buffer layer (i.e. MoO3 and Alq3) sandwiched at the organic/Co interface, there-
fore photoemission spectroscopies (PES), [i.e. X-ray photoelectron spectroscopy 
(XPS) and ultraviolet photoelectron spectroscopy (UPS)], which provide complete 
information on the occupied and unoccupied electronic states, are extensively em-
ployed throughout. In this thesis, focus is given to examining the tuning effect on the 
carrier injection barrier after the introduction of MoO3 or Alq3 thin mediated layer at 
the organic/Co interface. 
The electronic properties and energy level alignments between four types of or-
ganic semiconductor (i.e. CuPc, pentacene, C60 and PTCDA) the Co substrate are 
investigated by UPS. From the interfacial energy level alignment diagrams, it is 
revealed that for the CuPc/Co and pentacene/Co interfaces, the interfacial hole 
injection barrier Δh is considerably smaller than the electron injection barrier Δe; 
whereas for the C60/Co and PTCDA/Co interfaces, the situation is reversed: Δe is 
much smaller than Δh. From device perspective, it is important to optimize/tune the 
carrier injection barrier at the interface between the organic transporting layer and 
ferromagnetic metal electrode in order to enhance the interfacial carrier injection 
efficiency, for example, via the insertion of a buffer layer at the interface. Based on 
specific requirements, the buffer layer used to modify the energy level alignment at 
organic/metal interface could be either transition metal oxides (e,g. MoO3) or organic 
thin films (e.g. Alq3). Besides the UPS study, the topological properties of the organic 
      x 
thin films are also examined by tapping mode AFM. It is observed that all the four 
molecules adopt an island growth mode on the Co substrate. However, the morpho-
logical properties (e.g. roughness) of the films differ significantly, which is attributed 
to the interplay of the molecule-substrate and intermolecular interactions. 
In the following part, the interfacial electronic structures and properties at the in-
terface between Co and MoO3 are studied by PES. It is found that interfacial reactions 
between Co atom and MoO3 molecules exist at both MoO3/Co and Co/MoO3 interfac-
es, and meanwhile interface states are induced in the reactions. Due to the high work 
function of MoO3, the vacuum level of Co substrate exhibits a huge upward shifting 
after the decoration of a thin MoO3 film on top, which is expected to decrease the hole 
injection barrier between Co and the subsequently deposited organic molecules. In 
order to verify the tuning effect of MoO3 buffer layer on the interfacial hole injection 
barrier at organic/Co interface, the interfacial electronic structures and energy level 
alignments between p-type organic semiconductors (i.e. CuPc and pentacene) and 
MoO3/Co substrate are analyzed. It is proved that the hole injection barrier Δh at 
CuPc/Co and pentacene/Co interfaces decreases significantly after the insertion of 
MoO3 buffer layer at the interface. Moreover, the tuning effect on the hole injection 
barrier is independent of the thickness of MoO3 thin film. These results indicate that 
the introduction of a MoO3 buffer layer at the interface between p-type organic 
materials and ferromagnetic metal can effectively reduce the hole injection barrier Δh. 
Therefore MoO3 has the potential to be applied to the fabrication of p-type organic 
semiconductor-based spin valves to improve the device performance. 
The last part of this thesis studies the tuning effect on the electron injection barri-
er by the introduction of an Alq3 buffer layer at n-type organic semiconductor/Co 
interface. Firstly the interfacial electronic properties and structures of Alq3/Co inter-
      xi 
face are investigated by PES. It is found that strong interfacial chemical reactions 
exist at the Alq3/Co interface. An interface dipole which leads to a large downward 
shifting of the vacuum level is probed at the Alq3/Co interface, implying the possibil-
ity of using an Alq3 thin film as the buffer layer to reduce the electron injection barrier 
Δe between Co and the subsequently deposited organic materials. To verify this 
hypothesis, the interfacial electronic structures at the interface between n-type organic 
molecules (i.e. C60 and PTCDA) and Alq3/Co substrates are studied. It is proved that 
∆e at C60/Co, PTCDA/Co interfaces reduce substantially after the insertion of Alq3 
interlayer. Furthermore, reducing the thickness of Alq3 buffer layer from multilayer to 
monolayer will not bring any difference to the tuning effect of Δe at either C60/Co 
interface or PTCDA/Co interface. Therefore Alq3 is shown to be an effective buffer 
layer for tuning the electron injection barrier Δe between n-type organic semiconduc-
tors and Co, and can be employed to enhance the performance of n-type organic 
semiconductor-based spintronic devices. 
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LIST OF TABLES 
Table 2.1 Key parameters of Helios 2 [85]. ................................................................ 24 
Table 2.2 Key specifications of SINS beamline. ........................................................ 26 
Table 2.3 The sublimation temperatures Ts for the molecular sources. ...................... 33 
Table 4.1 the critical thickness of different metal/semiconductor interfaces. For all 
the systems, the UPS is collected under the excitation photon energy 
21.2 eV (HeI). .............................................................................................. 71 
Table 5.1 the percentages of C1, C2 and SC2 contributing to the overall intensity 
of C 1s spectra at 0.6 nm and 5.0 nm CuPc. ................................................ 79 
 
      xiii 
LIST OF FIGURES 
Figure 1.1 The basic structure of a spin valve (a) without and (b) with an 
antiferromagnetic layer. ................................................................................. 1 
Figure 1.2 Schematic presentations of the spin-polarized current injected from 
one ferromagnet on the left, through the non ferromagnetic transporting 
layer and into a second ferromagnet on the right for the cases when M1 
is (a) parallel and (b) anti-parallel with M2. M1 and M2 are the 
magnetizations of two ferromagnets. ............................................................. 3 
Figure 1.3 Illustrations of the working mechanism of the GMR reading heads 
(picture courtesy of Hitachi Global Storage Technologies) [12]. .................. 4 
Figure 1.4 Illustration of the overlap of the six pz orbitals in a single benzene ring 
[19]. ................................................................................................................ 6 
Figure 1.5 (a) The schematic representation of a typical device consists of two 
ferromagnetic electrodes (LSMO and Co) and an organic semiconductor 
spacer (Alq3). The spin polarized electrical current is injected from 
LSMO, through the sandwiched Alq3 layer, and detected by Co when a 
positive bias is applied to the device. An in-plane magnetic field H is 
swept to change the magnetization directions of the two ferromagnetic 
electrodes. (b) The GMR loop of the LSMO(100 nm)/Alq3(130 
nm)/Co(3.5 nm) device measured at 11 K. (reproduced from Ref. 11) 
[11]. ................................................................................................................ 8 
Figure 2.1 Illustration of three steps model in the photoemission process: (i) 
photoexcitation of an electron from the initial state Ei to the final state 
Ef; (ii) transported of the excited electron to the surface; (iii) escape 
from the surface to vacuum.......................................................................... 14 
Figure 2.2 (a) A typical experimental set-up for PES measurements, (b) the 
energy level alignment between sample and the electron energy analyzer 
assuming sample and analyzer are in good electric contact so their 
Fermi energies coincide with each other. .................................................... 15 
Figure 2.3 Schematic diagrams of XPS and UPS. The right part of the picture 
shows the density of states (DOS) of a typical valence band and the 
corresponding UPS spectrum, wherein W represents the width of the 
UPS spectrum............................................................................................... 16 
Figure 2.4. The escape depth (IMFP) of electrons in different materials as a 
function of kinetic energy (reproduced from Ref. 79) [79]. ........................ 19 
      xiv 
Figure 2.5 Block diagram for a typical AFM system (adapted from Ref. 81) [81]. ... 21 
Figure 2.6 Illustration of synchrotron radiation of a charged particle moving at 
relativistic speed (adapted from Ref. 83) [83]. ............................................ 23 
Figure 2.7 Schematic layout for the storage ring and beamlines of SSLS [85]. ......... 25 
Figure 2.8 Schematic layout of the SINS beamline [85]. ........................................... 25 
Figure 2.9 A photograph (upper panel) the end-station of SSLS beamline. The 
lower panel shows a schematic drawing of the XMCD system and main 
chamber. ....................................................................................................... 27 
Figure 2.10 Photographs of the twin anode standard X-ray source (left panel) and 
UV source utilized (right panel) at SINS beamline when the synchrotron 
light was unavailable.................................................................................... 29 
Figure 2.11 Photographs of Veeco Dimension 3000 AFM in Physics department 
(left panel), the controller box (top right panel) and the desktop PC 
(bottom right panel). .................................................................................... 30 
Figure 2.12 The photograph of OMICRON EFM 3 MBE evaporator (upper panel) 
and the cross section view of the front part of it (lower panel) (source: 
OMICRON EFM 3 user manual). ................................................................ 31 
Figure 2.13 Photograph of twin head organic molecule evaporator. .......................... 33 
Figure 3.1 Chemical structural schematics for (a) CuPc, (b) pentacene, (c) C60 and 
(d) PTCDA molecules. At the right of the schematics are the 
corresponding energy level diagrams of the molecules. .............................. 37 
Figure 3.2 The evolution of UPS spectra with increasing CuPc thickness on Co 
thin film: (a) secondary electron cut off and (b) valence band. ................... 38 
Figure 3.3 The evolution of UPS spectra with increasing pentacene thickness on 
Co thin film: (a) secondary cut off and (b) valence band. ........................... 40 
Figure 3.4 The energy level alignment diagrams for (a) CuPc/Co and (b) 
pentacene/Co interfaces ............................................................................... 41 
      xv 
Figure 3.5 AFM images of (a) 4.0 nm CuPc and (b) 8.0 nm pentacene on Co thin 
film. In the right part of each picture, the 3D image is shown. The size 
of both (a) and (b) is 1.0×1.0 μm2. ............................................................... 42 
Figure 3.6 The evolution of UPS spectra with increasing C60 thickness on Co thin 
film: (a) secondary cut off and (b) valence band. ........................................ 44 
Figure 3.7 The evolution of UPS spectra with increasing PTCDA thickness on Co 
thin film: (a) secondary cut off and (b) valence band. ................................. 45 
Figure 3.8 The energy level alignment diagrams for (a) C60/Co and (b) 
PTCDA/Co interfaces .................................................................................. 47 





pentacene, CuPc, C60 and PTCDA on Co. The intensity is guided in 
solid lines. The vertical error bar is ±0.1 eV and the horizontal error bar 
is ±0.2 eV considering the inaccuracies in the measurements of IP in our 
study and tE  in the reported literature. ........................................................ 48 
Figure 3.10 AFM images of (a) 8.0 nm C60 and (b) 5.2 nm PTCDA on Co thin 
film. In the right part of each picture, the 3D image is shown. The sizes 
of (a) and (b) are 1.0×1.0 μm2 and 2.0×2.0 μm2. ......................................... 49 
Figure 4.1 (a) Crystal structure of orthorhombic MoO3 stacking along (010) 
direction (reproduced from Ref. 123) [123] (b) The unit cell of MoO3 
film containing 4 MoO3 molecules. The lattice axis a, b and c are 
marked in the unit cell. The large grey balls and small red balls 
represent Mo and O atoms, respectively. ..................................................... 54 
Figure 4.2 (a) The evolution of Mo 3d core level as a function of MoO3 thickness. 
(b), (c), (d) and (f) Fitting of the Mo 3d spectra at a nominal thickness of 







 component, respectively. Solid lines 
and the dotted lines demonstrate the results of least-squares fitting and 
experimental data, respectively. ................................................................... 56 
Figure 4.3 The evolution of Co 3p core level as a function of MoO3 thickness. All 
the spectra are normalized by the refocusing mirror current in front of 
the analyzing chamber which is proportional to the photon flux. The 
inset in the left top corner shows the difference between the as-
measured spectra at MoO3 thicknesses (0.4 nm, 1.0 nm and 2.0 nm) and 
the spectrum of pristine Co film by subtracting the later from the prior 
spectra. ......................................................................................................... 57 
      xvi 
Figure 4.4 (a), (b) The evolution of secondary electron cutoff and valence band as 
a function of MoO3 thickness. The inset in left top corner of (b) shows 
the peak fitting results of s1 and s2 after subtracting background from 
each spectrum. s1 and s2 are filled with horizontal and vertical bars, 
respectively. (c) A close-up of the near EF region of the valence band. ...... 60 
Figure 4.5 (a) The work function shift and the band bending of MoO3 as a 
function of MoO3 thickness (b) The energy level diagram at MoO3/Co 
interface. The surface states s1 and s2 are below EF with an overlap 
between them. .............................................................................................. 61 
Figure 4.6 (a) The evolution of Mo 3d core level as a function of Co thickness. 
(b), (c) and (d) Peak fitting of Mo 3d for pristine MoO3 film and at a 
nominal thickness of 0.13 nm and 1.0 nm Co overlayer. The green, blue 






, respectively. The solid 
lines and dotted lines demonstrate the results of least-squares fitting and 
experimental data, respectively. ................................................................... 62 
Figure 4.7 (a) The evolution of O 1s core level as a function of Co thickness. (b), 
(c) and (d) Peak fitting of O 1s for pristine MoO3 film and at a nominal 
thickness of 0.13 nm and 2.5 nm Co overlayer. The green, blue and red 









The solid lines and dotted lines demonstrate the results of least-squares 
fitting and experimental data, respectively. ................................................. 64 
Figure 4.8 The evolution of Co 2p core level as a function of growing Co 
thickness ....................................................................................................... 67 
Figure 4.9 (a), (b) The evolution of secondary electron cutoff and valence band as 
a function of Co thickness. (c) A close-up of the near EF region of the 
valence band spectra. ................................................................................... 69 
Figure 4.10 The energy level diagram for interfaces between Co and MoO3. Co
*
 
represents the interface formed by depositing Co onto MoO3 film. The 
surface states s1, s2, s3 and s4 are highlighted in yellow, red, blue and 
green colors, respectively. The overlapping between s1 and s2 is not 
illustrated in this diagram for clarity. ........................................................... 72 
Figure 5.1 (a) The evolution of Mo 3d core level spectra during the deposition of 
CuPc molecules on 4.0 nm MoO3/Co substrate. (b) The difference of 
Mo 3d spectra of MoO3 thin film and at 2.5 nm CuPc thickness by 
normalizing 3d5/2 component (marked in dashed line) after subtracting a 
Shirley background from each spectrum. .................................................... 77 
      xvii 
Figure 5.2 (a) The evolution of C 1s core level spectra as a function of CuPc 
growing thickness. (b) (c) The peak fitting results for C 1s at 0.3 nm and 
5.0 nm CuPc overlayer. The red, blue and green lines represent C1, C2 
and SC2 component, respectively. Black solid lines and the dotted 
markers demonstrate the least-squares fitting results and experimental 
data, respectively.......................................................................................... 78 
Figure 5.3 (a), (b) The evolution of secondary electron cutoff and valence band 
spectra as a function of CuPc thickness on 4.0 nm MoO3/Co substrate. 
(c) A close-up of the near EF region of the valence band spectra. ............... 80 
Figure 5.4 (a), (b) The evolution of secondary electron cutoff and valence band 
spectra as a function of CuPc thickness on 2.0 nm MoO3/Co substrate. ..... 82 
Figure 5.5 The energy level alignment diagrams for (a) CuPc/Co, (b) CuPc/4.0 
nm MoO3/Co and (c) CuPc/2.0 nm MoO3/Co ............................................. 84 
Figure 5.6 Schematic illustrations of different energy level alignment regimes 
when the organic molecules are physisorbed on a substrate surface when 
(a) sub  > EICT+, (b) EICT- > sub  > EICT- and (c) sub < EICT-. The vacuum 
level shift Δ induced by the charge transfer is shown at the interface. ........ 85 
Figure 5.7 (a) The electronic structure of 4.0 nm MoO3/Co substrate (left), 2.0 nm 
MoO3/Co substrate (right) and CuPc (middle), before bringing CuPc 
molecules in contact with substrate. (b) The energy level alignment 
diagrams at the interface between CuPc and 4.0 nm MoO3/Co substrate 
and 2.0 nm MoO3/Co after the formation of CuPc film on each 
substrate. ...................................................................................................... 87 
Figure 5.8 (a), (b) The evolution of secondary electron cutoff and valence band 
spectra as a function of pentacene thickness on 4.0 nm MoO3/Co 
substrate. ...................................................................................................... 89 
Figure 5.9 (a), (b) The evolution of secondary electron cutoff and valence band 
spectra as a function of pentacene thickness on 2.0 nm MoO3/Co 
substrate. ...................................................................................................... 90 
Figure 5.10 The energy level alignment diagrams for (a) pentacene/Co interface, 
(b) pentacene/4.0 nm MoO3/Co and pentacene/2.0 nm MoO3/Co. The 
left part of (b) shows the electronic structure of 4.0 nm MoO3/Co 
substrate, 2.0 nm MoO3/Co substrate and pentacene before bringing 
pentacene molecules in contact with substrate. ........................................... 91 
      xviii 
Figure 6.1 Chemical structural schematic of Alq3 molecule ...................................... 95 
Figure 6.2 The evolution of (a) C 1s and (b) O 1s as a function of Alq3 thickness 
on Co film. The C 1s and O 1s spectra were taken at photon energies of 
350 eV and 650 eV, respectively. ................................................................ 96 
Figure 6.3 A fit to core level of C 1s (a), (c) and O 1s (b), (d) at normal thickness 
of 2.0 nm and 4.5 nm Alq3, respectively, for Alq3 growth on Co thin 
film. Solid lines through the experimental data points demonstrate the 
results of least-squares fitting. ..................................................................... 98 
Figure 6.4 The evolution of (a) secondary electron cutoff and (b) valence band 
spectra as a function of Alq3 thickness on Co substrate. ............................. 99 
Figure 6.5 The evolution of (a) secondary electron cutoff and (b) valence band 
spectra as a function of C60 thickness on multilayer Alq3(4.5 nm)/Co 
substrate. .................................................................................................... 101 
Figure 6.6 The evolution of (a) secondary electron cutoff and (b) valence band 
spectra as a function of C60 thickness on monolayer Alq3/Co substrate. ... 103 
Figure 6.7 The energy level alignment diagrams for Co on (a) bare Co film, (b) 
multilayer Alq3/Co substrate and (c) monolayer multilayer Alq3/Co 
substrate. .................................................................................................... 104 
Figure 6.8 (a) The electronic structure of multilayer Alq3/Co substrate (left), C60 
molecules (middle) and monolayer Alq3/Co substrate (right), before 
bringing C60 in contact with substrates. (b) The energy level alignment 
diagrams at the interface between C60 and multilayer Alq3/Co, 
monolayer Alq3/Co after the formation of C60 film on each substrate. ..... 105 
Figure 6.9 The evolution of (a) secondary electron cutoff and (b) valence band 
spectra as a function of PTCDA thickness on multilayer Alq3(4.5 
nm)/Co substrate. ....................................................................................... 106 
Figure 6.10 The evolution of (a) secondary electron cutoff and (b) valence band 
spectra as a function of PTCDA thickness on monolayer Alq3(0.3 
nm)/Co substrate. ....................................................................................... 108 
Figure 6.11 The energy level alignment diagrams for (a) PTCDA/Co interface, 
(b) PTCDA/multilayer Alq3/Co and PTCDA/monolayer Alq3/Co. The 
left part of (b) shows the electronic structures of multilayer Alq3/Co, 
PTCDA and monolayer Alq3/Co before bringing PTCDA molecules in 
      xix 
contact with the substrates. The right part of (b) shows the energy level 
alignment diagrams at the interface between PTCDA and multilayer 
Alq3/Co, monolayer Alq3/Co after the formation of PTCDA film on 
each substrate. ............................................................................................ 109 
 
      xx 
LIST OF ABBREVIATIONS 
 
AFM  Atomic Force Microscopy  
ARUPS Angular-Resolved Ultraviolet Photoelectron Spectroscopy 
BE Binding Energy 
DFT Density Functional Theory 
DOS Density of States 
ESCA Electron Spectroscopy for Chemical Analysis 
FWHM Full Width at Half Maximum 
GMR Giant Magnetoresistance 
HOMO Highest Occupied Molecular Orbital 
ICT  Integer Charge-Transfer 
IMFP Inelastic Mean Free Path 
IP Ionization Potential 
IR Infrared 
KE Kinetic Energy 
LEED Low Energy Electron Diffraction 
LUMO Lowest Unoccupied Molecular Orbital 
MBE Molecular Beam Epitaxy 
MR Magnetoresistance 
NEXAFS Near-Edge X-ray Absorption Fine Structure 
OFET Organic Field Effect Transistor 
OLED Organic Light Emitting Device 
OPV Organic Photovoltaic 
OSC Organic Solar Cell 
PES Photoemission Spectroscopy 
PET Piezoelectric Tube 
RMS Root Mean Square 
RT Room Temperature 
SAM Self-Assembled Monolayers 
SFM Scanning Force Microscopy 
      xxi 
SPM Scanning Probe Microscopy 
STM Scanning Tunneling Microscopy 
UHV Ultra-High Vacuum 
UPS Ultraviolet Photoelectron Spectroscopy 
VB Valence Band 
VL Vacuum Level 
WF Work Function 
XAS X-ray Absorption Spectroscopy 
XMCD X-ray Magnetic Circular Dichroism 
XPD X-ray Photoelectron Diffraction  






1.1 Spintronic devices 
1.1.1 General concepts 
The discovery of giant magnetoresistance (GMR) is considered to be the beginning of 
a new era of spin-based electronics [1, 2]. In spintronic devices, it is not the electron 
charge but electron spin that carries information, and this offers possibilities of a new 
generation of devices that combine traditional microelectronics with spin-dependent 
effects arising from the interactions between the spin of charge carriers and the 
magnetic properties of the materials [3]. Moreover, spin-based devices, which exploit 
the spin degree of the charge carriers, can potentially operate faster and consume less 
energy than current electronic devices, because the relevant energy scales in spin 
dynamics are considerably smaller than those of manipulating charges [4].  
 
Figure 1.1 The basic structure of a spin valve (a) without and (b) with an antiferromagnetic 
layer. 
 
The spin valve, one basic unit of spintronic devices, consists of two or more con-
ducting ferromagnetic layers [ferromagnetic metals such as Fe, Co, Ni and their 
alloys; colossal magnetoresistive materials, such as LSMO (La0.7Sr0.3MnO3)] with 
different hysteresis curves and one sandwiched nonmagnetic layer (conduc-
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tor/semiconductor). The basic structure of a spin valve is illustrated in Fig. 1.1(a). As 
shown in Fig. 1.1(a), the magnetization directions of the magnetic layers on the top 
and bottom of a spin valve (M1 and M2) can be tuned by an external magnetic field. In 
this process, the electrical resistance of the device could be modulated (from low to 
high or high to low) according to different alignments of M1 and M2 (parallel or anti-
parallel). In practice, an anti ferromagnetic layer is always used to pin the magnetiza-
tion direction of one ferromagnetic layer through magnetic exchange anisotropy [Fig. 
1.1(b)], that is, the ferromagnet is exchange coupled to an antiferromagnet [3, 5, 6]. 
After the pinning of the magnetization direction of one ferromagnet, the other easily 
reversed (or “soft”) ferromagnetic layer acts as the valve controller and is much more 
sensitive to manipulation by the external magnetic field.  
1.1.2 Operating principles 
For the ferromagnetic materials, the spin polarization P is defined in terms of the 
number of carriers n that possess spin up (n↑) or spin down (n↓) at the Fermi level:  
P = (n↑ - n↓)/(n↑ + n↓)  (1.1) 
Most ferromagnetic metals (such as Fe, Co and Ni) and their alloys are partially 
polarized and their spin polarization P is in the range of 40 to 50% [7, 8]. However, 
the colossal magnetoresistive materials, such as LSMO, have a spin polarization of 
almost 100% [9, 10], which means that the carriers at the Fermi level are fully polar-
ized. In a spin valve device, the spin-polarized currents are injected from one 
ferromagnetic electrode, transported through the intermediate non ferromagnetic layer 
and finally detected by a second ferromagnetic electrode. The basic mechanism for a 
spin-polarized device is depicted in Fig. 1.2, where the spin polarizations of ferro-
magnets at the two ends of the device are assumed to be 100% for clarity and easy- 
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Figure 1.2 Schematic presentations of the spin-polarized current injected from one ferromag-
net on the left, through the non ferromagnetic transporting layer and into a second 
ferromagnet on the right for the cases when M1 is (a) parallel and (b) anti-parallel with M2. 
M1 and M2 are the magnetizations of two ferromagnets. 
 
understanding. M1 and M2 represent the magnetizations of the ferromagnets on the 
left and right, respectively. In Fig. 1.2, it is assumed that spin-polarized current is 
traveling from a ferromagnet on the left, through a normal metal, and into a second 
ferromagnet on the right. Fig. 1.2(a)/(b) shows the case when M1 is in parallel/anti-
parallel alignment with M2, that is, the magnetization directions of the two ferromag-
nets are parallel/anti-parallel. When the magnetizations M1 and M2 (or, equivalently, 
the magnetic moments) of the two ferromagnetic metals are in the parallel alignment, 
the resistance of the device is low, whereas the resistance is high when M1 and M2 are 
in the anti-parallel alignment. The variation in the resistance occurs because spin 
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scattering is stronger for the case when M1 and M2 are in anti-parallel alignment than 
in parallel alignment; and therefore the RAP (the resistance when M1 and M2 are anti-
parallel aligned) is larger than RP (the resistance when M1 and M2 are parallel 
aligned). The efficiency of the device can be reflected by the GMR magnitude, which 
is expressed as: 






The higher the GMR magnitude is, the more effectively a spin valve device works 
[11]. 
1.1.3 Applications  
 
Figure 1.3 Illustrations of the working mechanism of the GMR reading heads (picture 
courtesy of Hitachi Global Storage Technologies) [12].  
 
The read heads in magnetic disk drives, indispensable components for every comput-
er, are the first successful application of the GMR effect with significant economic 
impact. IBM has led the trend of GMR sensor technology as it first proposed the read 
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heads in spin valve format in 1994 [13, 14]. Since the production of the first hard disk 
using GMR heads by IBM in December 1997, nearly 90% of all recording heads for 
the hard disks manufactured in the industry are estimated to be GMR based in 2000 
[15, 16]. The working mechanism of the GMR read heads is illustrated in Fig. 1.3. 
The read head senses the magnetic bits that are stored on the media (disks or tapes). 
The information is stored as magnetized regions, called magnetic domains, along the 
tracks. For example, the magnetization is stored as a “0” in one direction and as a “1” 
in the other. The magnetization direction of one magnetic layer of the GMR head is 
always fixed. When the head passes over different magnetic domains along the track, 
the direction of the magnetization in the easily reversed layer of the GMR head 
changes according to the magnetization directions of the magnetic domains; therefore 
different alignments between the magnetizations of the two magnetic layers in the 
GMR head is achieved. The measured resistance of the GMR head increases or 
decreases when the magnetizations of the two ferromagnetic layers are in the anti-
parallel or parallel alignments. 
Besides its widespread applications in the read heads for hard disks, GMR has al-
so been successfully introduced into galvanic insulators which is a combination of a 
GMR sensor and an integrated coil on an integrated circuit chip [3]. In addition, a 
metal based transistor has been fabricated by D. J. Monsma et. al in 1995, in which a 
GMR multilayer metal film was used as the base [17]. The spin valve transistor is the 
first demonstration of hybrid devices successfully combining ferromagnetic and 
semiconductor materials, creating new possibilities for electronic devices in which the 
spin of the electrons is employed to carry information [18]. 
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1.2 Organic spin valve 
1.2.1 The advantages of π-conjugated organic molecules 
 
Figure 1.4 Illustration of the overlap of the six pz orbitals in a single benzene ring [19]. 
 
Although noteworthy advances have been accomplished in the spin injection and 
detection using inorganic conductors/semiconductors and their applications are either 
available now or in the near-term [20-22], much attention is being paid to the applica-
tions of π-conjugated organic semiconductors as the spin transport layers in spintronic 
devices [23, 24]. In conjugated organic molecules consisting of alternating single and 
double bonds, the pz orbitals overlap results in a delocalization of π electrons over the 
molecule [25]. The benzene ring, the basic unit of most organic molecules, is also a 
simple π-conjugated system. The overlap of the pz orbitals in a single benzene ring is 
shown in Fig. 1.4, which serves as a model system for more complicated conjugated 
organic molecular systems.  
The application of π-conjugated organic molecules as spin valves has interested 
researchers because they possess several distinctive advantages: they are relatively 
inexpensive, processable at lower temperatures as thin films, with less toxic wastes, 
and possess tunable electronic functionality.
 
More importantly, due to the lower 
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atomic weight of hydrogen and carbon atoms in organic molecules, the scattering rate 
in organic semiconductors is orders of magnitude lower than in typical inorganic 
semiconductors. The spin-orbital and hyperfine interactions in the π-conjugated 
organic molecules are extremely weak, therefore exceptionally long spin diffusion 
lengths can be expected, which makes them particularly suitable for the transport of 
the spin polarization [23, 26-29]. These special properties of the organic molecules 
make them ideal for the injection and transport of spin-polarized currents, making 
organic spin valve an attractive proposition.  
1.2.2 Successful fabrication of organic spin valve 
Since the first reported organic spintronic device in 1999 [30], devices fabricated 
from a variety of organic materials have been successfully demonstrated [11, 28, 31-
36]. In particular, the works of Prof. Z. Valy Vardeny [11, 24, 33] and V. Dediu [27, 
31, 34] have produced significant impacts in the field. One typical organic spin valve 
was fabricated by Z. H. Xiong et al. using LSMO/Co as the magnetic electrodes and 
an Alq3 thin film as the transporting layer, as displayed in Fig. 1.5(a). The GMR loop 
of the device is shown in Fig. 1.5(b). A negative GMR value as high as 40% was 
observed for the device at 11 K [11]. It should be noted that in Fig. 1.5 the device 
resistance is lower when the magnetization directions of the two ferromagnets are in 
anti-parallel configuration than that in parallel configuration, which is opposite to the 
normal GMR effect observed in the device using two “d-band” ferromagnetic metals 
[37]. This may originate from the negative spin polarization of the Co d-band, in 
which the density of states (DOS) of the majority-spin sub-band is smaller than that of 
minority-spin sub-band at the Fermi level [34]. 
However, most prototype organic spin valves with various hybrid structures, such 
as LSMO/α-NPD/Co, LSMO/Alq3/Co, Fe/Alq3/Co, and LSMO/rubrene/Fe multilayer 
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structures, can only be operated at low temperatures. At room temperature (RT), the 
GMR effect is negligible [33, 38, 39]. Therefore, for future industrial applications, it 
is a necessity to develop organic spin valve devices that can function effectively at 
room temperature. 
 
Figure 1.5 (a) The schematic representation of a typical device consists of two ferromagnetic 
electrodes (LSMO and Co) and an organic semiconductor spacer (Alq3). The spin polarized 
electrical current is injected from LSMO, through the sandwiched Alq3 layer, and detected by 
Co when a positive bias is applied to the device. An in-plane magnetic field H is swept to 
change the magnetization directions of the two ferromagnetic electrodes. (b) The GMR loop 
of the LSMO(100 nm)/Alq3(130 nm)/Co(3.5 nm) device measured at 11 K. (reproduced from 
Ref. 11) [11]. 
 
1.3 Motivation, scope and objective of this study 
For organic semiconductor based spintronic devices, “interfaces are critical” [40]. 
The interface between a ferromagnetic metal electrode and organic transporting layer 
is of crucial importance for spin transfer across the interface. By modifying the 
interface, the spin polarization can be controlled, for example, via the insertion of a 
buffer layer [35]. To successfully engineer the interface between ferromagnetic metals 
and organic semiconductors, it is necessary to obtain a comprehensive understanding 
of its electronic and morphological properties. Although interfaces between organic 
materials and normal metals have been extensively investigated [41-48], the published 
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literature on the interface between organic semiconductors and ferromagnetic metals 
is limited. To the best of our knowledge, only Alq3/Co, pentacene/Co and C60/Co 
interfaces have been reported to date [49-52]. A detailed and systematic study of the 
interface between various organic semiconductors and ferromagnetic metal substrates 
is timely. 
The carrier injection barrier height at the interface between a ferromagnetic metal 
and an organic thin film is regarded as one of the key parameters determining the 
performance of organic spin valves [40]. For a enhanced performance of organic spin 
valve devices, it is important to optimize the carrier injection barrier at the interface 
between the ferromagnetic metal electrodes and organic transporting layers [53]. 
Additionally, the large difference in the conductivity of ferromagnetic metals and 
organic materials leads to the so-called “conductivity mismatch” problem, which will 
significantly limit the interfacial carrier/spin injection efficiency [54]. This problem 
can be solved by inserting a tunneling barrier such as a transition metal oxide sand-
wiched between the metal electrode and organic layer. MoO3, which features a high 
work function (WF ~ 6.8 eV), has been widely used as an insertion layer in various 
organic electronics including light emitting devices (OLEDs) [55, 56], organic thin 
film transistors (OTFTs) [57, 58], and organic solar cells (OSCs) [59, 60]. Therefore 
MoO3 has the potential to solve the conductivity mismatch as a buffer layer at organ-
ic/metal interface. Furthermore, due to the high work function of the MoO3, the hole 
injection barrier ∆h between the ferromagnetic metal and subsequently deposited 
organic semiconductors may be reduced after insertion of the MoO3 tunneling barrier. 
It has been successfully demonstrated that the carrier injection barrier at the or-
ganic-metal interface can be tuned by modifying the metal surfaces with organic 
buffer layers. For example, self-assembled monolayers (SAM) of functionalized 
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aromatic thiols [61] and some electron acceptor molecules have been shown to be 
effective in tuning the interfacial carrier injection barrier [62, 63]. However, little 
attention so far has been paid to tuning the carrier injection barrier between ferromag-
netic metal electrodes and organic transporting films using organic buffer layers, 
which undoubtedly would have implications for the optimization of organic spin 
valves. It has been found that by decorating the metal surface with Alq3 molecules, 
the substrate work function decreases substantially due to the interfacial dipole and 
the intrinsic dipole of Alq3 molecules [49, 64]. By modifying the surface potential of 
the ferromagnetic metal substrate using Alq3, the electron injection barrier ∆e between 
the ferromagnetic metal and subsequently deposited organic semiconductor may be 
reduced. Therefore Alq3 has the potential to tune the electron injection barrier be-
tween ferromagnetic metal and organic semiconductors as an interfacial buffer layer. 
Due to its high spin polarization (45%) [65, 66], cobalt is among the most com-
monly used ferromagnetic electrodes for both injection and detection of spin-
polarized currents in organic spintronic devices [11, 33, 34, 39, 67, 68]. Therefore Co 
is selected as a representative ferromagnetic electrode material in this thesis. Co thin 
films of a few nanometers thick deposited on the native silicon oxide of Si(111) are 
used as substrates for the subsequent depositions of organic molecules or MoO3. 
This thesis aims to study the interfacial electronic properties and energy level 
alignments between various π-conjugated organic semiconductors and ferromagnetic 
metal Co, and to optimize the interfacial carrier injection barrier by introducing a 
buffer layer (i.e. MoO3 and Alq3) at the interface. I will focus on how these buffer 
layers modify the electronic properties of the Co substrate and alter the energy level 
alignments at the interfaces between organic molecules and Co.  
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In Chapter 2, the working principles and instrumentations of photoemission spec-
troscopies (PES) [i.e. X-ray photoelectron spectroscopy (XPS) and ultraviolet 
photoelectron spectroscopy (UPS)] and AFM are introduced. Meanwhile, the proce-
dures for the sample preparation are also introduced in this section. 
Chapter 3 describes the energy level alignments at the interfaces between four 
different organic molecules (i.e. CuPc, pentacene, C60 and PTCDA) and the ferro-
magnetic Co substrate, and characterizes the morphological properties of organic thin 
films on Co substrate by tapping mode AFM, which serves as a foundation for the 
subsequent chapters. 
In Chapter 4, I investigate the electronic structures and properties at the interface 
between MoO3 and Co, and clarify how MoO3 buffer layer modifies the electronic 
structures of Co substrate. In Chapter 5, I compare the energy level alignments 
between Co and p-type organic molecules (i.e. CuPc and pentacene) after the insertion 
of MoO3 buffer layer with the results in Chapter 3, and address how the MoO3 buffer 
layer alters the interfacial energy level alignment and tunes the hole injection barrier 
Δh at CuPc/Co and pentacene/Co interface.  
In Chapter 6, I examine the interfacial electronic structures between Co and Alq3, 
and compare the energy level alignments between Co and n-type organic molecules 
(i.e. C60 and PTCDA) after the insertion of Alq3 buffer layer with the results in 
Chapter 3, and examine how the Alq3 buffer layer affects the interfacial energy level 







In this chapter, the experimental tools utilized in this work are introduced. The 
experimental principles of photoemission spectroscopies, including XPS and UPS, 
and AFM are reviewed in section 2.1. The synchrotron facility and other experimental 
systems are presented in section 2.2. The details of sample preparation procedures are 
addressed in section 2.3. 
2.1 Principles of experimental techniques 
2.1.1 Photoemission spectroscopy (PES) 
Photoemission spectroscopy, also known as photoelectron spectroscopy, measures the 
kinetic energy (KE) distribution of photoelectrons emitted from solids, liquids or 
gases by photoexcitation at a specific photon energy, in order to determine the binding 
energies (BEs) of the electrons in a substance [69]. The fundamental principle under-
lying PES is the well-known photoelectric effect, contributed by Albert Einstein [70]. 
It describes the phenomenon whereby when a photon with a specific energy (hv) is 
incident into a material, one electron in the material that occupies a certain initial 
energy state (Ei) absorbs the photon and is emitted into the vacuum as a photoelectron 
with a certain KE (E
' 
k). Defining the energy difference between the initial energy state 
of electrons and the Fermi level (EF) as the binding energy for electrons (Eb), or more 
accurately the energy difference of the total energies between the final state (excited 
state, N-1 electrons) and the initial state (ground state, N electrons), the relationship 
between BE and the KE of emitted photoelectrons can be expressed according to 
energy conservation as: 
'
k sbE hv E       (2.1) 
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where s is the WF of the sample. However, the real photoemission process is much 
more complicated than this simple description. The emission of core electrons will 
cause the relaxation of remaining electrons within the same atom, affecting the kinetic 
energy of photoelectrons. The only exception is the hydrogen atoms or hydrogen-like 
systems, such as He
+
, which has only one electron in its atomic system. This many-
body effect can be quite complicated when the system has many valence electrons. 
For example, emitted photoelectrons could liberate another electron from the valence 
band to vacuum (shake-off) or bound state (shake-up) and lose some of their kinetic 
energy.  
Several models have been proposed to theoretically elaborate the photoemission 
process. Among them, a phenomenological description that splits the process into 
three separated steps is the most commonly used model to understand the complex 
photoemission process, which is proposed by Berglund and Spicer [71, 72]. In this 
three step model, the optical excitation between two Bloch states, the transport of the 
excited electron to the surface of the sample and the escape of the electron from the 
surface to the vacuum are treated separately (Fig. 2.1). Therefore the total intensity of 
the photoemission is then determined by the product combining the three independent 
probabilities in each step. Among them, the optical excitation of an electron is de-
scribed by the Fermi Golden rule transition possibility [73], which is dependent on 
2
, ,f k H i k  , where ,i k  and ,f k  are states with negligible change in the wave 
vector k. The perturbation operator H is expressed as: ( )
2
e
H A p p A
m
    , where 
A is the vector potential of the incident light and p is the momentum operator. Hence, 
by measuring the energy distribution of the photoelectrons at a fixed photon energy, 
the features of the occupied density of states (DOS) weighted by the matrix element 
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are reproduced in PES. In addition to the three-step description of the PES process, a 
more recent one-step process model [74], which considers the excitation from a one-
electron Bloch wave state into a damped final state near the surface, has been widely 
accepted as an efficient model for photoemission related calculations. 
 
Figure 2.1 Illustration of three steps model in the photoemission process: (i) photoexcitation 
of an electron from the initial state Ei to the final state Ef; (ii) transported of the excited 
electron to the surface; (iii) escape from the surface to vacuum. 
 
The typical experimental set-up for PES measurements is schematically displayed 
in Fig. 2.2. The main components of a PES system is a photon source which emits 
photons at a specific energy, an electron energy analyzer (spectrometer) which is 
aligned in a proper direction facing the sample surface and measures the KE of 
emitted electrons, and a data collection system which records the measured electron 
KE as well as photoelectron intensity simultaneously. The measurement system is 
encapsulated in an ultra high vacuum (UHV) system to minimize the inelastic scatter-
ing of photoelectrons with gas molecules. The sample used in PES measurements can 
be any solid as long as it has enough conductivity to avoid charge accumulation on 
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the surface. In practical measurements, the photoelectron spectrum or energy distribu-
tion curve (EDC) is obtained by sweeping the KE of photoelectrons in a certain range 
with photon energy fixed. However, it should be noted that the KE measured by the  
 
Figure 2.2 (a) A typical experimental set-up for PES measurements, (b) the energy level 
alignment between sample and the electron energy analyzer assuming sample and analyzer 
are in good electric contact so their Fermi energies coincide with each other. 
 
spectrometer (Ek) is not directly equal to the KE of photoelectrons (E
' 
k ), which is 
caused by the WF difference between that of the spectrometer ( a ) and that of the 
sample ( s ).The binding energy of photoelectrons in equation 2.1 is then rewritten as: 
ab kE hν E       (2.2) 
In this equation, Eb is defined to be the energy difference between the initial energy 
state for the electrons and the Fermi level in the material; hν is the photon energy; Ek 
is the kinetic energy measured by the electron spectrometer in EDC; a  is the work 
function of the spectrometer. Due to the loss of emitted electrons, the material is 
positively charged and the KE of emitted electrons will be attracted by this self-
generated positive electrical field in the sample. Hence, sample grounding, or more 
s
a
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specifically Fermi level alignment between the sample and the spectrometer, is of 
critical importance to obtain accurate KEs of the photoelectrons.  
 
Figure 2.3 Schematic diagrams of XPS and UPS. The right part of the picture shows the 
density of states (DOS) of a typical valence band and the corresponding UPS spectrum, 
wherein W represents the width of the UPS spectrum. 
 
According to the photon energy of the exciting radiation source, PES can be clas-
sified into two categories: ultraviolet photoelectron spectroscopy (UPS) and X-ray 
photoelectron spectroscopy (XPS), as shown in Fig. 2.3. They have different applica-
tions in characterizing the electronic properties of materials. A vacuum UV radiation 
source (hv = 10 ~ 100 eV), such as a helium discharge lamp emitting He-I at ~ 21.2 
eV or He-II at ~ 40.8 eV, are normally utilized in the laboratory-based UPS measure-
ments. The photons with such a low energy are only capable of ionizing valence 
electrons located at the outermost energy levels of the atom. Therefore, sometimes 
UPS is referred to as valence band spectroscopy as well.  
One advantage of UPS is that it can offer ultrahigh energy resolution (several 
meV) owing to the very narrow line width of the radiation source. As UPS is opti-
s
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mized to probe the valence electron states, it is usually employed to study the bonding 
orbitals of organic molecules either in gas phase or in condensed phase. By sweeping 
over the energy region close to the Fermi level, various frontier molecular bonding 
orbitals, including the highest occupied molecular orbital (HOMO), can be resolved. 
Another major application of UPS is to map the complete valence band structures in 
k-space by doing a detailed angular-resolved ultraviolet photoelectron spectroscopy 
(ARUPS). In a solid, the BEs of valence electrons depend on their momenta. The 
excited photoelectrons from valence bands follow energy and momentum conserva-
tion laws in the photoemission process inside and outside the solid. However, when a 
photoelectron is emitted from the sample surface into the vacuum, only its momentum 
parallel to the surface ( k ) is conserved but not that perpendicular to the surface ( k ). 
Therefore, the band structure measured by ARUPS is actually the 2D k space project-
ed from the real 3D space. In principle, k  can be calculated from k  and E(k) using 
the energy conservation law. ARUPS have been successfully applied to probe the 
band structures of many crystalline structures, particularly for 2D crystals such as 
graphene [75-77] and copper-oxide perovskite crystals [78].  
UPS is also often used to measure the sample WF ( s ) for metals or ionization 
potential (IP) for semiconductors by measuring the spectral width (W). As shown in 
Figure 2.3, the spectral width W for a UPS spectrum is defined as the energy distance 
between the cut-off position of the secondary electron emission in the low KE region 
and the Fermi energy position [41]. For materials other than metals, there is no DOS 
at the Fermi energy, and the upper edge of the spectra width is then replaced by the 
spectral feature that has the highest KE (i.e. valence band maximum or HOMO edge). 
The WF of the sample can be obtained by the equation:  
s hv W     (2.3) 
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where hv is the photon energy of the incident light. For semiconductors, equation 2.3 
gives the IP instead. It should be noted that when the sample WF is smaller than that 
of the spectrometer ( as  ), the photoelectrons with lower KEs just above the 
vacuum level (VL) of the sample cannot be detected by the electron analyzer (see Fig. 
2.2), and the spectral width measured by analyzer is then underestimated, leading to 
incorrect values of sample WF or IP. In order to assist these low KE electrons over-
come the WF of the analyzer, a small negative bias (~ 3-10 V) is usually applied to 
the sample, which shifts the measured spectrum to higher kinetic energies. The WF or 
IP measured in this way represents the intrinsic properties of samples, eliminating the 
influence from the spectrometer. In our UPS studies, the negative bias applied to the 
sample is -5 V during the measurements of the sample WF or IP.  
Owing to the higher photon energy of the X-rays used in XPS measurements, 
electrons residing in deeper core level states can be excited. As the BEs of core level 
electrons are normally element specific, each element will give rise to a set of peaks 
with specific BE positions in the XPS spectrum (e.g. 1s, 2s, 2p …). Therefore, XPS 
can provide information on the chemical composition of the material identified by the 
characteristic core level peaks corresponding to different elements. Furthermore, with 
appropriate considerations on escape depths of the photoelectrons and photoionization 
cross sections, quantitative information of relative elemental concentration in the 
materials can be acquired. As a result, XPS is sometimes referred to as Electron 
Spectroscopy for Chemical Analysis (ESCA). XPS can also distinguish between 
different chemical states (or valence states) of a specific element. The variation in the 
local chemical (e.g. number of valence electrons) or physical environment (i.e. crystal 
symmetry) around the excited atom can alter the BEs of its core-level electrons, and 
in the XPS spectrum it is reflected as a BE shift, also referred to as a “chemical shift”. 
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For example, in oxidized atoms which lose their valence electrons, the BE of core-
level electrons are higher; whereas adding electrons to the unoccupied orbitals in the 
valence band lowers the core-level BE. This ability to distinguish between different 
chemical environments or oxidation states for a specific element is one of the major 
applications of the XPS technique. Additionally, the core level shifts in the XPS 
spectra also carry information on final state effects. At the high-energy photoelectron 
limit, the response of the system to the creation of a hole is very small, and final state 
effects such as relaxation and screening are neglected. However, if the limit is not 
satisfied (low energy photoelectron limit), the final state effect can have a strong 
influence on the core level BE. Hence, the core level peaks in the XPS spectra can 
provide information on how the system responds to final state perturbations.  
 
Figure 2.4. The escape depth (IMFP) of electrons in different materials as a function of 
kinetic energy (reproduced from Ref. 79) [79].  
 
The most commonly employed X-ray sources in XPS experiments are the Mg Kα 
radiation (hν = 1253.6 eV) and Al Kα radiation (hν = 1486.6 eV). However, they 
suffer from inherent low energy resolution due to the large line widths of laboaratory 
X-ray sources. During the last several decades, synchrotron radiation sources with 
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high brilliance, high energy resolution and wide energy range have become readily 
accessible. In particular, the tunable photon energy of the synchrotron radiation 
source makes it particularly suitable for PES measurements. By intentionally choos-
ing a photon energy close to the BE, the cross section for a specific energy level of an 
element can be greatly enhanced. 
The surface sensitivity of XPS is an important advantage for surface studies. In 
the three-step model, after being excited by the incident photon, the photoelectrons 
need to travel to the surface of the material before escaping into the vacuum. During 
this propagation, the electron has a certain probability to lose energy due to inelastic 
scattering with its surrounding. The inelastic scattering process is very complex and 
determined by many different mechanisms. At low kinetic energies, photoelectrons 
have insufficient energy to initiate scattering processes; and at high energies, the cross 
section of scattering events is low. This gives rise to the energy-dependent inelastic 
mean free path (IMFP) of the electrons, or the so-called “universal curve”, as shown 
in Fig. 2.4. Between 20−200 eV, the escape depth of electrons is extremely short (of 
the order of a few angstroms). Therefore, the PES spectra only probe the electronic 
structures and chemical properties of the top few atomic layers rather than that of the 
bulk material. The surface sensitivity of PES can be further enhanced by optimizing 
other parameters, such as the photoelectron emission angle. These advantages make 
PES an exceptionally effective and powerful tool in surface and interface analysis.  
2.1.2 Atomic Force Microscopy (AFM) 
The Atomic force microscopy (AFM), or scanning force microscopy (SFM), is one 
member of the scanning probe microscopes (SPM) family, which has been widely 
applied as an effective tool for imaging, measuring, and manipulating matter at the 
nanoscale in the fields of biology and physics. Scanning tunneling microscope (STM), 
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the precursor to AFM, was firstly developed by G. Binnig and H. Rohrer in the early 
1980s at IBM Research-Zurich, an invention that earned them the Nobel Prize for 
Physics in 1986 [80]. Although STM can achieve better image resolution, it requires 
electrical conductance in the samples because its operation is based on the tunneling 
current between a biased tip and a sample, which limits its application in studying 
insulating materials. AFM can solve this problem as it does not have such a critical 
requirement on the sample. In 1986, G. Binnig et al. invented the first atomic force 
microscope and three years later the commercially available instrument was launched 
[81]. 
 
Figure 2.5 Block diagram for a typical AFM system (adapted from Ref. 81) [81]. 
 
The modern laboratory-based AFM comprises a cantilever, laser beam deflection 
system, piezoelectric tube (commercially known as PZT scanner), electronic control 
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unit and computer that controls the whole system. The block diagram for a typical 
AFM system is illustrated in Fig. 2.5.  
As the AFM relies on forces between the tip and sample, understanding these 
forces is important for precise imaging. The force is not measured directly, but 
calculated by measuring the deflection of the cantilever. When the tip is brought into 
proximity of a sample surface, the force between the tip and the sample will lead to a 
deflection of the cantilever according to Hooke’s law:  
F = -kz    (2.4) 
where F is the force, k is the stiffness of the lever and z is the bending distance of the 
cantilever. 
The AFM can be operated in a number of modes, depending on different re-
quirements. The imaging modes are divided into contact (also called “static”) mode 
and tapping (also called “dynamic”) mode, depending on whether the tip contacts the 
sample surface constantly [82]. In the contact mode, the tip on the cantilever is 
brought into physical contact with the sample. As it moves on the sample surface, the 
topological variations lead to deflections in the cantilever which changes the position 
of a reflecting laser on the photodetector. The change is then calculated and converted 
into morphological information by the control unit and computer program. 
However, the AFM tip may damage soft or fragile samples as the probe moves 
across the sample surface in the contact mode. In these cases, the AFM tapping mode 
is preferred. In tapping mode, the tip is not continuously contacted with the sample 
surface, but oscillates at a frequency slightly above its resonant frequency. The force 
interaction between the probe and the sample causes a change in the resonant fre-
quency and oscillation amplitude of the vibrating cantilever. Either is then used to 
control the tracking of the probe over the sample surface. Therefore the tapping mode 
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allows the same high sensitivity compared with the contact mode, but without causing 
damage to soft samples. In our experiments, tapping mode AFM is used to examine 
the morphological properties of the organic thin films on Co substrate. 
2.2 Experimental systems 
2.2.1 Singapore Synchrotron Light Source 
 
Figure 2.6 Illustration of synchrotron radiation of a charged particle moving at relativistic 
speed (adapted from Ref. 83) [83]. 
 
Synchrotron radiation is an intense light source of electromagnetic radiation with 
tunable photon energy. It utilizes the physical phenomenon that when charged parti-
cles (usually electrons) accelerated at velocities close to the speed of light are forced 
to bend in their trajectories by strong magnetic fields, they emit extremely bright light 
in a narrow cone in the forward direction tangent to the electron orbit. As shown in 
Fig. 2.6, the angular spread   of the synchrotron radiation cone can be expressed as 
[84]: 
21/ 1 ( )
v
c
        (2.5)  
where v is the velocity of the moving particles and c is the speed of light. Synchrotron 
radiation has numerous unique properties, such as high intensity and brilliance, wide 
energy spectrum from infrared to hard X-rays, high polarization and very short pulses, 
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making it one of the most powerful scientific instruments with wide applications 
spanning in many scientific disciplines.  
The Singapore Synchrotron Light Source (SSLS) is a second generation compact 
synchrotron facility located in the campus of National University of Singapore (NUS). 
It comprises a 700 MeV storage ring (Helios 2) and two superconducting 4.5 T 
bending magnets to produce synchrotron radiation. The critical parameters of this 
facility are listed in Table 2.1. The radiation spectrum extends from about 10 keV 
down to the far infrared at wavenumbers of less than 10 cm
-1
. 
Table 2.1 Key parameters of Helios 2 [85]. 
Parameters Unit Value 
Characteristic photon energy keV 1.47 
Characteristic wavelength nm 0.845 
Current(typical) mA 500 
Circumference m 10.8 
Lifetime hour >10 
Emittance umrad 1.37 
Source diameter horizontal mm 1.45-0.58 
Source diameter vertical mm 0.33-0.38 
Number of beam ports 1 20 + 1 
Horizontal angular aperture of port mrad 60 
 
Helios 2 was originally designed for X-ray lithography manufacturing and thus it 
provides a user-friendly working environment (no evacuation required during beam 
injection and quench) and long life-time (> 10 hours). Since Helios 2 was commis-
sioned in 1999, five beamlines have been built, with one beamline (XAFCA) under 
construction and another proposed in the coming years. The five existing beamlines 
(Fig. 2.7) include XDD beamline for X-ray diffraction and XAS, ISMI beamline for 
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infrared spectroscopy, LiMiNT beamline for X-ray deep lithography and LIGA 
process, PCI beamline for phase contrast image, and finally SINS beamline for 
surface and interface studies with PES, NEXAFS (near-edge X-ray absorption fine 
structure), XAS (X-ray absorption spectroscopy) and XMCD (X-ray magnetic circular 
dichroism) using soft X-rays [86]. As the work in this thesis has been mainly carried 
out at the end-station of the SINS beamline, we will describe it in detail below.  
 
Figure 2.7 Schematic layout for the storage ring and beamlines of SSLS [85]. 
 
Figure 2.8 Schematic layout of the SINS beamline [85]. 
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Table 2.2 Key specifications of SINS beamline. 
Monochromator Spherical grating (DRAGON type) 
Energy range 50 – 1200 eV 
Energy Resolution 1000 – 5000 (E/∆E) 
Photon Flux over 10
10
 photons/s @1000 (E/∆E) resolution 
Linear polarization > 95% 
Circular polarization 80% - 90% 




2.2.2 SINS beamline and end-station 
The Surface, Interface and Nanostructure (SINS) beamline provides synchrotron 
radiation ranging from 50 eV to 1200 eV [87], which is specifically suitable for our 
PES studies. It is a modified dragon-type beamline (Fig. 2.8) with a monochromator 
comprising four interchangeable spherical gratings selecting tunable monochroma-
tized photons in the ranges 50-110 eV, 110-220 eV, 220-440 eV and 440-1200 eV, 
respectively. Three mirrors are used for the beam focusing on the beamline: the 
horizontal focusing mirror (HFM) and vertical focusing mirror (VFM) located before 
the monochromator chamber for focusing the beam in horizontal and vertical direc-
tions respectively, and the refocusing mirror (RFM) behind the monochromator 
chamber for small beam focusing adjustments before entering the experimental end-
station. The entrance and exit slits along the beamline control the photon flux and 
energy resolution. The beam intensity I0 is monitored by a Keithley electrometer 
which measures the photocurrent on the gold-coated RFM. The beam polarization can 
be tuned from linear polarization (parallel to synchrotron orbit plane) to circular 
polarization (both left and right helicity) by adjusting the polarization aperture and 
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vertical position of the VFM. The size of the beam spot at the sample position is about 
1.5 × 0.2 mm
2




Figure 2.9 A photograph (upper panel) the end-station of SSLS beamline. The lower panel 
shows a schematic drawing of the XMCD system and main chamber.  
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The SINS end-station consists of four chambers: a main analytical chamber, a 
sample preparation chamber, a XMCD chamber and a preparation chamber for the 
XMCD system (Fig. 2.9). The base pressure for the main chamber after baking out is 
better than 2.0×10
-10
 mbar. The main analytical chamber is equipped with an ion 
sputtering gun to clean the sample, a LEED (Low-energy Electron Diffraction) optics, 
a twin anode (Mg and Al) standard X-ray source (as back-up when the synchrotron 
radiation is not available), an Omicron STM/AFM, and a SCIENTA R4000 hemi-
sphere energy analyzer with high resolution which is particularly suitable for doing 
ARUPS. A superconducting magnet system has been installed in the XMCD cham-
ber
1
, which supplies magnetic fields as high as 2 Tesla. A sputter cleaned gold foil in 
good electrical contact with the sample is fixed at the bottom of the manipulator to 
calibrate the binding energy scale. BEs of all the PES spectra are therefore referenced 
to the Fermi level of the gold foil. The end-station is also capable of in-situ material 
depositions with two e-beam evaporators for molecular beam epitaxy (MBE) of 
metals (such as Co, Fe, Ni, etc.), and several standard effusion cells for the growth of 
organic semiconductors or transition metal oxides. A transfer system with fast-entry 
load lock is installed on the main analytical chamber to load/unload samples without 
breaking vacuum. A long transfer arm between the main analytical chamber and the 
sample preparation chamber allows in-situ sample transfer. Sample annealing can be 
achieved by direct heating or resistive heating using the heating filaments in either the 
main analytical chamber or the sample preparation chamber. In the direct heating, the 
sample is mounted on a particular sample holder designed for direct heating. The 
current goes from the brush which is in contact with one end of the sample to the 
                                                 
1 As the superconducting magnet for the XMCD system was installed in May 2011, this thesis does not include 
XMCD data. 
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other end of the sample. Therefore the annealing temperature can easily achieve more 
than 1000 °C in this way. While for the resistive heating, the sample is annealed by 
the two heating filaments at the back. This method is usually adopted when the 
annealing temperature is lower than 1000 °C. As illustrated in the lower panel of Fig. 
2.9, the main analytical chamber, the preparation chamber for the XMCD system and 
the XMCD chamber are also interconnected via gate valves. The preparation chamber 
for the XMCD system is equipped with two transfer arms enabling in-situ sample 
delivery between the main analytical chamber and the XMCD chamber. The end-
station has the capability to perform several synchrotron-based spectroscopy meas-
urements including angular-resolved PES, NEXAFS, XPD (X-ray Photoelectron 
Diffraction), XMCD etc. 
 
Figure 2.10 Photographs of the twin anode standard X-ray source (left panel) and UV source 
utilized (right panel) at SINS beamline when the synchrotron light was unavailable. 
  
The tunable synchrotron X-ray source is used for most of the PES studies in this 
thesis. However, the synchrotron beam was not available from Feb. 2010 to Nov. 
2010 due to the repair of the grating monochromator of the SSLS beamline and 
maintenance of the storage ring of SSLS. During this period, Al anode Kα X-ray 
source (excitation photon energy ~ 1486.6 eV) and HeI UV source (excitation photon 
energy ~ 21.2 eV) were employed in the XPS and UPS measurements, respectively. 
CHAPTER 2 EXPERIMENTAL TECHNIQUES 
 
     30 
The UV source has been removed from the main analytical chamber after SINS 
beamline and SSLS returned to normal operations in Dec. 2010. Fig. 2.10 shows the 
photographs of the twin anode standard X-ray source and UV source utilized at the 
SINS beamline.  
 
Figure 2.11 Photographs of Veeco Dimension 3000 AFM in Physics department (left panel), 
the controller box (top right panel) and the desktop PC (bottom right panel). 
 
2.2.3 AFM system 
In this study, AFM is employed to examine the morphological properties of organic 
thin films (i.e. CuPc, pentacene, C60 and PTCDA) on the ferromagnetic Co substrate. 
Fig. 2.11 shows photographs of the Veeco Dimension 3000 AFM at the Physics 
Department of the National University of Singapore. The Veeco Dimension 3000 
AFM is placed inside an acoustic enclosure and on a pneumatic vibration isolation 
table to minimize vibrations from the building. It can operate in both contact and 
tapping modes, with capabilities of topographic and phase imaging, lateral force 
microscopy, magnetic force microscopy, and adhesion force mapping. During meas-
urements, the sample is placed on a stage that moves in the x, y, and z directions via 
piezoelectric elements. A cantilever with a microscopic tip is scanned over the surface 
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of the sample. A laser beam reflected off the end of the cantilever is recorded on the 
photodiodes, which supplies information on the deflection of the cantilever. The 
information collected by the photodiodes is then transformed into surface topograph-
ical or phase images by the controller box and the desktop PC. The Veeco Dimension 
3000 AFM can scan samples in air or liquid, making it useful for a wide range of 
studies from surface characterization of thin films, pattern characterization for lithog-
raphy structures, magnetic media and CD/DVDs, to biomaterials analysis. 
 
Figure 2.12 The photograph of OMICRON EFM 3 MBE evaporator (upper panel) and the 
cross section view of the front part of it (lower panel) (source: OMICRON EFM 3 user 
manual). 
 
2.3 Sample preparation 
2.3.1 Deposition of ferromagnetic metal Co 
In this work, the Co thin film (~ 5 nm) deposited on the native silicon oxide on 
Si(111) acts as the substrate for the subsequent deposition of organic molecules or 
transition metal oxides. The size of the Si(111) sample is about 10 mm × 10 mm, with 
its resistivity between 1-10 Ω·cm. Prior to the deposition of Co, the Si(111) sample is 
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transferred into the main analytical chamber and degassed at 500 °C overnight to 
eliminate the contaminations on the surface.  
The deposition of Co is achieved by using an OMICRON EFM 3 MBE evapora-
tor (Fig. 2.12). The evaporant material (i.e. Co) is in the form of rod (Goodfellow 
Cambridge Ltd, purity 99.99%). The principle of Co evaporation is as follows: the 
electrons are firstly emitted from a heated tungsten (W) filament, then accelerated by 
a high voltage, and finally bombard the metal rod which heats the evaporant. As 
illustrated in the right panel of Fig. 2.12, the evaporator is equipped with a flux 
monitor, which is actually an ion collector located at the exit of the evaporant column. 
The measured ion flux (in nA) is proportional to the flux of the evaporated metal 
atoms. Once calibrated, the flux monitor can function like a quartz crystal microbal-
ance and measure the evaporation rate of the Co atoms. More details on the interior 
components in an EFM 3 MBE evaporator are given in the lower panel of Fig. 2.12. 
During the evaporation of Co atoms, the filament current is about 1.95 A to sup-
ply the bombardment electron flux. Meanwhile, a high and positive voltage (~ 900 - 
1000 V) is applied to the Co rod. The ion flux measured by the flux monitor can be 
tuned by adjusting the filament current or the voltage exerted on the rod, until a 
suitable and stable value is achieved. The deposition of Co can be started by opening 
the cell shutter. To terminate the growing of Co, it should firstly close the cell shutter 
and then decrease the filament current and the voltage on the rod slowly to cool down 
the cobalt rod.  
2.3.2 Deposition of organic semiconductors and MoO3 
Four types of organic semiconductor, fullerene (C60), pentacene copper phthalocya-
nine (CuPc) and PTCDA, and two kinds of buffer layer, MoO3 and Alq3, are studied 
in this work. All the organic sources were purchased from Sigma Aldrich at sublima-
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tion grade (> 99.9%), while the MoO3 source at the purity of 99.999% was purchased 
from Strem Chemicals, Inc.. The organic molecules and MoO3 were sublimed from a 
twin-head evaporator (CreaPhys GmbH) with standard Knudsen crucibles (Fig. 2.13). 
Before the deposition, each source was thoroughly degassed at its evaporation tem-
perature for several hours. During the growth, the chamber pressure is always kept 
better than 2 × 10
-9
 torr to minimize contamination due to outgassing. The evaporation 
temperature for each molecule is listed in Table 2.3. During the depositions, the 
sample/substrate was kept at RT. 
 
Figure 2.13 Photograph of twin head organic molecule evaporator. 
 
Table 2.3 The sublimation temperatures Ts for the molecular sources. 
Molecule CuPc pentacene C60 PTCDA MoO3 Alq3 
Ts (℃) 290 165 310 295 470 175 
 
The nominal thicknesses of deposited organic films on Co thin film are estimated 
from the attenuation of the Co 3p intensity, assuming a near layer-by-layer (Frank-van 
der Merwe) growth mode of the molecular layer: 





       (2.9) 
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where I0 is the initial Co 3p intensity of pristine Co substrate, I(d) is the intensity after 
the deposition of molecules, d is the nominal thickness of molecular films, and θ is 
the angle between the analyzer detecting direction and the sample surface normal 
direction. λ (of the scale of nanometers) is the inelastic mean free path (IMFP) of the 
photoelectrons in molecular films, which depends on the KE of photoelectrons (Ek in 
eV) and the density of organic molecular films (ρ in g/cm-3) according to the follow-
ing empirical relation [88]: 
2 1/2(49 0.11 ) /k kE E 
     (2.10) 
For inorganic films, the IMFP λ of the photoelectrons in the MoO3 overlayer is 







The discovery of giant magnetoresistance (GMR) in 1988 is considered to be the 
beginning of a new era of spin-based electronics [1, 2]. Spintronic devices potentially 
operate faster and consume less energy than current electronic devices because the 
energy scale in spin dynamics is considerably smaller than that of manipulating 
charges [4]. Based on the GMR effect, a spin valve consists of two or more conduct-
ing magnetic layers, which switch its electrical resistance (from low to high or high to 
low) according to the magnetization alignment of the magnetic layers. The two 
magnetic layers of the device are made from materials with different hysteresis 
curves. With certain applied external magnetic field, one layer ("soft" layer) changes 
its polarity while the other ("hard" layer) keeps its original polarity so that different 
magnetization alignments (parallel or anti-parallel) could be accomplished. Between 
these two magnetic layers is one nonmagnetic layer, which could be organic or 
inorganic. Since the first reported organic spintronic device in 1999 [30], devices 
fabricated from a variety of organic materials have been extensively investigated [11, 
31-33]. The application of  -conjugated organic semiconductors into spin valves has 
aroused tremendous interest among researchers because they possess several ad-
vantages. Organics are generally inexpensive, processable at lower temperatures with 
fewer toxic wastes, possess chemically tunable electronic functionality, and amenable 
to low-cost solution processing. More importantly, due to the low atomic weights of 
atoms in the organic molecules, the spin-orbit interaction and hyperfine interaction in 
organic semiconductors are extremely weak; therefore exceptionally long spin diffu-
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sion lengths can be expected [26]. These properties make them ideal for spin injection 
and transport of spin-polarized currents. 
For organic semiconductor based spintronic devices, “interfaces are critical” 
[40]. It has been shown that the interface between a ferromagnetic metal electrode and 
organic transporting layer is of crucial importance for spin transfer across the inter-
face. By modifying the interface, the spin polarization can be controlled, for example, 
via the insertion of a buffer layer [35]. To successfully engineer the interface between 
ferromagnetic metals and organic semiconductors, it is necessary to obtain a compre-
hensive understanding of the electronic and morphological properties of the interface. 
In contrast to the fact that interfaces between organic materials and normal metals 
have been extensively investigated [41-45], the published literature on the interfaces 
between organic semiconductors and ferromagnetic metals is limited. To the best of 
our knowledge, only Alq3/Co, pentacene/Co and C60/Co interfaces have been reported 
to date [49-52]. A detailed and systematic study of the interface between various 
organic semiconductors and ferromagnetic metal substrates is timely. 
Due to its high spin polarization (~ 45%) [65, 66], cobalt is among the most 
commonly used ferromagnetic electrodes for both injection and detection of the spin-
polarized currents [11, 34, 89, 90]. Thus Co is selected in this work as a representative 
ferromagnetic electrode material. Experimentally, Co thin films (~ 5 nm) grown on 
the native silicon oxide of Si(111) are used as the substrates for the subsequent 
deposition of organic semiconductors. In order to generalize the energy level align-
ment rule between organic semiconductors and Co, four different π-conjugated 
organic molecules are investigated: CuPc, pentacene, C60 and PTCDA. CuPc and 
pentacene are typical p-type organic semiconductors [91-94], while C60 and PTCDA 
are n-type organic semiconductors [95-98]. The chemical structure schematics of 
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CuPc, pentacene, C60 and PTCDA are shown in Fig. 3.1(a), (b), (c) and (d), respec-
tively. The corresponding energy level diagram for each organic molecule in the bulk 
is shown to the right of its chemical structure schematic, with the ionization potential 
and transport gap Et indicated. 
 
Figure 3.1 Chemical structural schematics for (a) CuPc, (b) pentacene, (c) C60 and (d) 
PTCDA molecules. At the right of the schematics are the corresponding energy level dia-
grams of the molecules. 
 
In this chapter, in-situ UPS measurements were carried out immediately after 
each deposition of the aforementioned organic semiconductors on Co substrate. A 
detailed UPS study will help us understand the energy level alignments at the organic 
semiconductor/Co interface, and determine the interfacial hole injection barrier Δh 
[(the difference between Fermi level and highest occupied molecular orbital (HOMO) 
onset] or electron injection barrier Δe [(the difference between Fermi level and lowest 
unoccupied molecular orbital (LUMO) onset]. This understanding will enable us to 
engineer the interfaces so as to tune the carrier injection barriers between ferromag-
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netic metals and organic semiconductors, for example, via modifying the surface 
potential of the metal substrate by a buffer layer before the growth of the organic 
semiconductor. It should be noted that unlike the synchrotron-based photoemission 
measurements for C60/Co and PTCDA/Co interfaces, the HeI UV source (photon 
excitation energy of ~ 21.2 eV) was used in the UPS studies for CuPc/Co and penta-
cene/Co interfaces. In addition, the morphological properties of the organic thin film 
on Co substrates were examined by tapping mode AFM (Atomic Force Microscopy). 
3.2 p-type organic semiconductor/Co interface 
3.2.1 Work function measurements, valence band spectra and energy level 
alignment diagrams for CuPc/Co and pentacene/Co interfaces 
 
Figure 3.2 The evolution of UPS spectra with increasing CuPc thickness on Co thin film: (a) 
secondary electron cut off and (b) valence band. 
 
Fig. 3.2(a) shows the evolution of the secondary electron cutoff in the UPS spectra for 
CuPc deposition on cobalt. During the measurements of sample WF, a -5 V bias is 
CHAPTER 3 ORGANIC/Co INTERFACE 
 
     39 
applied to the sample in order to compensate for the spectrometer work function. The 
WF, deduced from the low kinetic energy cutoff of the spectra, changes from 5.1 eV 
for bare Co substrate to 4.5 eV upon initial deposition of 0.15 nm CuPc. With further 
deposition of CuPc, the WF shifts towards lower kinetic energy and saturates at 
around 4.1 eV at a nominal CuPc thickness of 1.6 nm. The downward shifting of the 
vacuum level by about 1.0 eV is attributed to the formation of an interfacial dipole 
with its negative terminal at the side of Co substrate, resulting from the rearrangement 
of the electron cloud at the Co surface: the electron cloud tailing into vacuum at the 
surface of the Co film is pushed back into the bulk by the occupied molecular orbitals 
of adsorbed CuPc (so-called “pillow effect”), therefore an interface dipole is induced 
in this process which lowers down the sample WF. The pillow effect is commonly 
observed at organic-metal interfaces [41, 42, 99]. Fig. 3.2(b) reports the valence band 
spectra as a function of CuPc thickness on Co substrate. In Fig. 3.2(b), the Co 3d band 
dominates the spectra at the initial stages of CuPc deposition (e.g. 0.15 nm and 0.4 
nm). The features of the molecular valence band become visible only after the growth 
of 0.8 nm CuPc. The signals from the CuPc molecules begin to dominate the overall 
spectra from 2.5 nm CuPc and the Fermi level arising from the metallic substrate is 
diminished at 4.0 nm CuPc. The HOMO edge at the lower binding energy (BE) onset 
is defined by the intersection point of the linear extrapolation of the HOMO peak edge 
with the baseline of the spectrum, as shown in the valence band spectrum for a 
nominal thickness of 4.0 nm CuPc. It is found that the molecular HOMO onset is 
located at 0.8 eV BE for 4.0 nm CuPc. Therefore the corresponding hole injection 
barrier ∆h is 0.8 eV at the CuPc/Co interface. 
Fig. 3.3(a) shows the evolution of secondary electron cutoff as a function of pen-
tacene thickness on Co thin film. The WF of Co substrate falls quickly from 5.1 eV to  
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Figure 3.3 The evolution of UPS spectra with increasing pentacene thickness on Co thin film: 
(a) secondary cut off and (b) valence band. 
 
4.1 eV upon the initial deposition of 0.3 nm pentacene. Further deposition of penta-
cene results in negligible shift in the WF which finally becomes stable at around 3.9 
eV at a nominal thickness of 0.6 nm pentacene. This vacuum level shift with a magni-
tude of about 1.2 eV indicates the formation of an interface dipole with its negative 
terminal located at the side of Co substrate, and can be similarly explained by the 
aforementioned “pillow effect” upon the deposition of pentacene molecules onto Co 
surface. Note that the WF decreases by 1.0 eV/0.7 eV after about monolayer penta-
cene/CuPc deposition on Co, this implies the tailing into vacuum part of the electron 
cloud of Co substrate feels a stronger repulsion from the occupied orbitals of penta-
cene than that from CuPc. The evolution of valence band spectra with increasing 
pentacene thickness on Co substrate is displayed in Fig. 3.3(b). The features of 
pentacene become observable in the valence band spectra from a nominal thickness of 
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0.6 nm pentacene. The molecular HOMO becomes dominant close to Fermi level at 
5.0 nm pentacene and the HOMO onset is determined to be at 1.0 eV BE. Thus the 
corresponding hole injection barrier ∆h at pentacene/Co interface is about 1.0 eV. 
Moreover, it can be seen in Fig. 3.3(b) that the Fermi level of the metallic substrate is 
still visible at 8.0 nm pentacene, implying a strong island growth mode for pentacene 
growth on Co substrate. 
 
Figure 3.4 The energy level alignment diagrams for (a) CuPc/Co and (b) pentacene/Co 
interfaces 
 
The energy level alignment diagrams for CuPc/Co and pentacene/Co interfaces 
are presented in Fig. 3.4. In the diagrams, the ionization potentials for both CuPc and 
pentacene are 4.8 eV, in good agreement with reported values [100-102]. As shown in 
the illustrations, the hole injection barrier Δh is about 0.8 eV for CuPc/Co interface 
and 1.0 eV for pentacene/Co interface, respectively. Given that the transport gaps for 
CuPc and pentacene are 2.3 eV [103] and 2.68 eV [104], respectively, the electron 
injection barrier Δe can be determined by subtracting Δh from the band gap, to be 1.5 
eV at CuPc/Co interface and 1.68 eV at pentacene/Co interface. Therefore we can 
draw the conclusion that the Fermi level at the CuPc/Co and pentacene/Co interfaces 
is located closer to the molecular HOMO than to the LUMO. From the device per-
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spective, the injection of holes is much more favorable than that of electrons at these 
interfaces. In order to get a better performance for the p-type organic semiconductor 
based spintronic devices, it is important to improve the hole injection efficiency at the 
interface between ferromagnetic metal and organic materials. Therefore it will be 
essential to decrease/increase the hole/electron injection barrier by engineering the 
energy level alignments at organic molecule/ferromagnetic metal interfaces, for 
example, by increasing the WF of the metal substrate by introducing a high WF buffer 
layer before the growth of organic molecules. 
3.2.2 AFM study for p-type organic thin films on Co 
 
Figure 3.5 AFM images of (a) 4.0 nm CuPc and (b) 8.0 nm pentacene on Co thin film. In the 
right part of each picture, the 3D image is shown. The size of both (a) and (b) is 1.0×1.0 μm2. 
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In order to examine the film quality, the surface morphologies of the CuPc and 
pentacene thin films on Co substrate were studied with AFM using tapping mode. Fig. 
3.5(a), (b) show the AFM images of 4.0 nm thick CuPc and 8.0 nm thick pentacene on 
Co thin film, respectively. The 3D images of the thin films are presented on the right 
of (a) and (b). In Fig. 3.5(a), it can be seen that irregular islands of CuPc molecules 
are randomly and densely distributed over the surface. The roughness of the thin films 
can be reflected by the RMS (root mean square) derived from the AFM images, which 
is 0.63 nm for CuPc on Co substrate, indicating that the organic thin film is relatively 
smooth and nearly molecularly flat. However, for the pentacene overlayer on Co 
substrate shown in Fig. 3.5(b), the pentacene molecules prefer to form large islands 
ranging from 100 nm to 380 nm in size. The RMS for the corresponding AFM image 
is 2.36 nm, revealing a much rougher surface of pentacene film than that of CuPc film 
(RMS ~ 0.63 nm) on Co substrate, consistent with the UPS data in Fig. 3.2(b) and 
Fig. 3.3(b). The strong island growth mode of pentacene molecules on Co is in 
accordance with the observation that the Fermi level of the metallic substrate is still 
visible after the deposition of 8.0 nm pentacene as revealed in Fig. 3.3(b). For CuPc 
on Co surface, the Fermi level of the metallic substrate could hardly be detected after 
4.0 nm CuPc deposition as shown in Fig. 3.2(b), which correlates with the relatively 
flat and uniform CuPc film seen in Fig. 3.5(b). It has been demonstrated that the spin 
injection efficiency at the interface and spin-flip length in organic semiconductors are 
closely related with the interfacial and morphological properties of the organic thin 
films [105, 106]. Therefore the good quality of CuPc thin film on Co substrate may be 
one of the contributing factors for the high spin injection efficiency (~ 85%) at the 
CuPc/Co interface and long spin-flip length (~ 35 ± 16 nm) in CuPc film at room 
temperature [107]. Therefore it is important to improve the quality of organic thin 
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films in the fabrication of organic-based electronic and spintronic devices, as uniform 
and high-quality organic thin films are necessary for enhanced device performance 
[108]. 
3.3 n-type organic semiconductor/Co interface 
3.3.1 Work function measurements, valence band spectra and energy level 
alignment diagrams for C60/Co and PTCDA/Co interfaces 
 
Figure 3.6 The evolution of UPS spectra with increasing C60 thickness on Co thin film: (a) 
secondary cut off and (b) valence band.  
 
Fig. 3.6(a) shows the evolution of the low kinetic energy region of the UPS spectra 
for the stepwise deposition of C60 on cobalt. The WF changes from 5.2 eV to 4.9 eV 
upon the initial deposition of 0.36 nm C60. After the completion of the first layer ( ~ 
1.0 nm), the WF is further reduced to 4.7 eV. Further depositions of fullerene result in 
negligible shift in the WF which saturates at around 4.6 eV from a nominal thickness 
of 2.0 nm C60. The vacuum level reduction by about 0.6 eV can also be explained by 
the “pillow effect”: upon the deposition of C60 molecules, the electron cloud tailing 
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into vacuum at the surface of cobalt substrate is pushed back into the bulk by the 
occupied molecular orbitals of adsorbed C60, which produces an interface dipole with 
its negative terminal at the side of Co substrate. Fig. 3.6(b) exhibits the valence band 
photoemission spectra for different C60 thicknesses on Co. In Fig. 3.6(b), the features 
of the molecular valence band become visible only after a growth of 1.0 nm C60. At 
coverage below one monolayer, the Co 3d bands dominate the overall spectra. From a 
nominal thickness of 2.0 nm, signals of C60 molecules begin to dominate the spectra 
and eventually the Co 3d feature near the Fermi edge diminishes at the maximum 
fullerene thickness (8.0 nm). The C60 peak nearest to the Fermi level centered at 2.3 
eV BE is thus assigned to the fullerene HOMO. The HOMO onset of C60 is found at 
1.7 eV BE at a thickness of 4.0 nm, which corresponds to the hole injection barrier 
(∆h= 1.7 eV) at the C60/Co interface. With the known band gap of C60 of 2.3 eV [109], 
the position of lowest unoccupied molecular orbital (LUMO) can be determined, 
giving an electron injection barrier ∆e of 0.6 eV at C60/Co interface. 
 
Figure 3.7 The evolution of UPS spectra with increasing PTCDA thickness on Co thin film: 
(a) secondary cut off and (b) valence band. 
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Besides C60, PTCDA is selected as another representative of n-type organic semi-
conductors and UPS studies were also carried out with stepwise deposition of PTCDA 
on Co substrate. Fig. 3.7(a) shows the evolution of secondary electron cutoff with 
increasing PTCDA thickness on Co thin film. The initial WF of the pristine Co thin 
film is about 5.2 eV. Upon the deposition of PTCDA, the WF undergoes very subtle 
shift towards lower kinetic energy and finally becomes stable at around 4.9 eV from a 
nominal thickness of 1.25 nm. This vacuum level shift of about 0.3 eV is attributed to 
the “pillow effect” as well; However, its magnitude is much smaller than the case 
when C60 is deposited on Co (~ 0.6 eV), implying that the electron cloud tailing into 
vacuum at the surface of Co film receives comparatively weaker repulsion from the 
occupied molecular orbitals of PTCDA than that of C60. The evolution of valence 
band spectra as a function of PTCDA thickness on Co is displayed in Fig. 3.7(b). The 
spectral features of PTCDA molecules become clearly visible at 0.6 nm. As guided by 
the dashed line, the BE position of the molecular HOMO almost holds constant with 
further deposition of PTCDA. At 5.0 nm PTCDA, the HOMO onset is determined to 
be at about 1.7 eV BE. Given that the transport gap of PTCDA is 2.8 eV [110, 111]. 
the distance between LUMO onset and Fermi level can be calculated to be about 1.1 
eV, corresponding to an electron injection barrier ∆e of 1.1 eV at the PTCDA/Co 
interface. 
The energy level alignment diagrams for C60/Co and PTCDA/Co interfaces are 
presented in Fig. 3.8. In the diagrams, it is shown that the IP for C60 and PTCDA is 
6.3 eV and 6.6 eV, respectively, consistent well with previously reported values [112, 
113]. The electron injection barrier ∆e is about 0.6 eV and 1.1 eV for C60/Co and 
PTCDA/Co interfaces, respectively. As can be seen in the illustrations, for both 
C60/Co and PTCDA/Co interfaces, ∆e is much smaller than ∆h. Therefore under the 
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same conditions electrons are prone to be injected at the interface due to their lower 
injection barrier. To enhance the performance of n-type organic molecules based 
electronic and spintronic devices, it is of great significance to decrease the electron 
injection barrier and improve the electron injection efficiency at the interface between 
ferromagnetic metal electrodes and organic transporting layer, for example, by using a 
low WF buffer layer to modify the surface potential of the metal substrate before the 
growth of the organic semiconductors. 
 
Figure 3.8 The energy level alignment diagrams for (a) C60/Co and (b) PTCDA/Co interfaces 
 
Since all the organic semiconductors (CuPc, pentacene, C60 and PTCDA) we 
used are undoped, the Fermi level FE  of the intrinsic organic molecules are approxi-





, where org  is the work function of the organic semiconductor and gapE  is 
the size of its band gap. For organic semiconductors, the transport gap tE  has to be 
used in the calculations of their work function. It has been found that there is a simple 
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various organic molecules are deposited on Au substrate [114]. Therefore it would be 
interesting to examine whether such a behavior exists at the interface between organic 
semiconductors and Co substrate. 
 




for pentacene, CuPc, 
C60 and PTCDA on Co. The intensity is guided in solid lines. The vertical error bar is ±0.1 eV 
and the horizontal error bar is ±0.2 eV considering the inaccuracies in the measurements of IP 
in our study and tE  in the reported literature. 
 
Fig. 3.9 shows the magnitude of measured interface dipoles at the interfaces be-










of the organic semiconductors: the magnitude of the inter-




at the interface between 
the organic materials and Co. This behavior can be explained as follows: in the 
deposition of the organic semiconductors, their Fermi level tends to be aligned with 
that of Co substrate. In the energy level alignments, a larger dipole is induced for 
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organic molecules with smaller org and vice versa [114]. Note that the work function 
of the Co substrate sub  almost holds constant in all the PES studies (5.1 eV~5.2 eV), 
its contribution to the variation of interface dipole can be neglected. 
3.3.2 AFM study for n-type organic thin films on Co 
 
Figure 3.10 AFM images of (a) 8.0 nm C60 and (b) 5.2 nm PTCDA on Co thin film. In the 
right part of each picture, the 3D image is shown. The sizes of (a) and (b) are 1.0×1.0 μm2 and 
2.0×2.0 μm2. 
 
The AFM images of 8.0 nm C60 and 5.2 nm PTCDA thin films on Co substrates are 
displayed in Fig. 3.10. The 3D images of the thin films are shown to the right of (a) 
and (b). In Fig. 3.10(a), it can be seen that the surface of fullerene film consists of 
several large islands with irregular size and shape. Note that the vertical scale for Fig. 
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3.10(a) is extends to 100 nm, and the island heights range from 20 nm to 50 nm, 
indicating that the fullerene film adopts an island growth mode. For the PTCDA thin 
film in Fig. 3.10(b), numerous islands with small size and regular shape are uniformly 
and densely distributed over the whole surface. The lateral dimensions of the islands 
are within several tens of nm and their heights range from 10 nm to 15 nm. Further-
more, it is noticed that these islands are mostly isolated from each other in spite of 
their high density. The island growth mode for both C60 and PTCDA molecules on Co 
substrate is correlated with the fact that the Fermi level from the metallic substrate is 
still visible after a deposition of 4.0 nm C60 and 5.2 nm PTCDA as shown in the UPS 
spectra (Fig. 3.7 and 3.8). The RMS for the AFM images of C60 and PTCDA thin film 
are 14.5 nm and 4.9 nm, respectively, verifying that the fullerene film on Co substrate 
is much rougher than PTCDA. For PTCDA molecules, the strong intermolecular 
C=O∙∙∙H-C hydrogen bonding of neighboring may play an important role in the 
formation of the interesting pattern on Co substrate [115-117]. However, the grain 
size of the underlying Co thin film on silicon oxide has been checked by AFM 
separately, which is much larger than the size of PTCDA islands. Therefore the 
mechanism responsible for the formation of dense and regular PTCDA islands needs 
further investigations, such as STM. 
3.4 Chapter summary 
In this chapter, the interfacial electronic and morphological structures between Co and 
four different organic semiconductors (i.e. CuPc, pentacene, C60 and PTCDA) are 
investigated by UPS and AFM. The energy level alignment diagrams at CuPc/Co, 
pentacene/Co, C60/Co and PTCDA interfaces are derived from the UPS study. From 
the energy level alignment diagrams, it is found that for the interfaces between the p-
type organic molecules and Co, such as CuPc/Co and pentacene/Co interfaces, the 
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interfacial hole injection barrier Δh is much smaller than the electron injection barrier 
Δe by several tenths of eV. However, for the interfaces between n-type organic 
molecules and Co, such as C60/Co and PTCDA/Co interfaces, the situation is re-
versed; the interfacial electron injection barrier Δe is much smaller than the hole 
injection barrier Δh. Therefore under the same conditions holes/electrons are more 
prone to be injected at the interfaces between p-type/n-type organic semiconductors 
and Co. From the device perspective, it is important to optimize the carrier injection 
barrier at the interface between the ferromagnetic metal electrode and organic trans-
porting layer, for example, via the insertion of a buffer layer at the interface. Based on 
specific requirements, the buffer layer used to modify the surface potential of ferro-
magnetic metals could be either transition metal oxides or organic thin films. This will 
be discussed in the following chapters. 
In addition, the interface dipole between the organic molecules and Co substrate 




of the organic 
semiconductors. The magnitude of the interface dipole decreases with increasing 




. This useful relationship allows us to predict the interface 
dipole of other organic molecules if we know their IP and Et values. 
The morphological properties of the organic thin films were also examined by 
tapping mode AFM. It is observed that the four molecules adopt an island growth 
mode on the Co substrate. However, the roughness of organic thin films differs 
significantly, as revealed by the RMS values of the corresponding AFM images. The 
RMS values for CuPc, pentacene, C60 and PTCDA thin films on Co substrate are 0.63 
nm, 2.36 nm, 14.5 nm and 4.9 nm, respectively. The difference in the morphological 
properties of the organic thin films should be caused by the interplay of the molecule-
CHAPTER 3 ORGANIC/Co INTERFACE 
 
     52 
substrate interaction and intermolecular interaction. Further investigations (e.g. STM) 
are needed to fully understand the underlying growth mechanism of organic mole-






PES STUDY OF THE MoO3-Co INTERFACE 
4.1 Introduction 
In the previous chapter, we introduced the concepts of interfacial electronic structures 
and energy level alignments at organic molecules/Co interfaces. To obtain better 
performance for organic-based spintronics, it is important to improve the spin injec-
tion efficiency at the interface between the ferromagnetic electrode and organic 
transport layer [53]. However, the huge difference in the conductivity of ferromagnet-
ic metals and organic materials leads to the so-called conductivity mismatch problem, 
which significantly limits the efficiency of spin injection at the interface [54]. This 
problem can be solved by inserting a tunneling barrier such as a transition metal oxide 
sandwiched between the metal electrode and organic layer. For example, Al2O3 has 
been widely adopted as a tunneling barrier in organic spin valve devices, and signifi-
cantly improves the device performance [89, 118]. However, the fabrication of Al2O3 
is usually achieved by exposing the Al film as-grown to oxygen, which may cause the 
oxidation of ferromagnetic electrodes beneath [119, 120]. Therefore, it is important to 
search for alternative tunneling barrier oxides with improved performance and func-
tionalities.  
MoO3, which features a high work function (WF ~ 6.8 eV), has been widely used 
as an insertion layer in various organic electronic devices including light emitting 
devices (OLEDs) [55, 56], organic thin film transistors (OTFTs) [57, 58], and organic 
solar cells (OSCs) [59, 60]. Among various phases of MoO3 film, the orthorhombic 
structure is the most energetically favorable, which is shown in Fig. 4.1(a). The unit 
cell of bulk MoO3 film in Fig. 4.1(b) contains 4 MoO3 molecules, with lattice con-
stants a=13.855 Å, b=3.696 Å and c=3.963 Å [121, 122]. Each layer in the MoO3 
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crystal is connected to its neighbors through weak Van de Waals interactions. Due to 
the large WF of MoO3, and in particular its superior electron withdrawing ability, 
inserting a MoO3 buffer layer between the electrode and organic thin film could 
effectively reduce the hole injection barrier by decreasing the energy level offset 
between the highest occupied molecular orbital (HOMO) of the organic and the Fermi 
level (EF) of the electrode. Therefore, MoO3 has the potential to improve the hole 
injection efficiency at the ferromagnetic metal/organic interface and the overall device 
performance of organic spin valves. A detailed study of the interfacial electronic 
structure between MoO3 and ferromagnetic electrodes will help us engineer the hole 
injection from metal electrodes to organic thin films via MoO3 buffer layer, as well as 
understand the possible consequences on the spin-injection behavior at the ferromag-
netic metal/organic interface.  
 
Figure 4.1 (a) Crystal structure of orthorhombic MoO3 stacking along (010) direction 
(reproduced from Ref. 123) [123] (b) The unit cell of MoO3 film containing 4 MoO3 mole-
cules. The lattice axis a, b and c are marked in the unit cell. The large grey balls and small red 
balls represent Mo and O atoms, respectively. 
 
In this chapter, we report the photoemission study of the interfacial electronic 
structures and chemical reactions between Co and MoO3 at both MoO3/Co interface 
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(MoO3 deposited on Co) and Co/MoO3 interface (cobalt deposited on MoO3). In the 
experiments, a 5 nm thick cobalt film and a bulk-like MoO3 film (thickness > 20 nm) 
grown on native oxide on Si(111) act as the substrates for the subsequent depositions 
of MoO3 and Co respectively. In-situ PES measurements were conducted immediately 
after each deposition. Synchrotron-based photoemission measurements performed for 
MoO3/Co interface; and the Al Kα X-ray source (excitation photon energy 1486.68 
eV) and HeI UV source (excitation photon energy 21.2 eV) were used in the XPS and 
UPS measurements for Co/MoO3 interface, respectively. 
4.2 PES study of the MoO3/Co interface 
4.2.1 Mo 3d and Co 3p core level XPS spectra 
The cleanness of the Co thin film is checked by XPS prior to the deposition of MoO3 
molecules. Fig. 4.2 shows (a) the evolution of Mo 3d spectra as a function of increas-
ing MoO3 thickness on the Co thin film, and the peak fitting results of Mo 3d spectra 
at a nominal thickness of (b) 0.4 nm, (c) 1.0 nm, (d) 4.0 nm and (e) 9.0 nm MoO3. In 
Fig. 4.2(a), upon the initial deposition of MoO3 with a thickness of 0.4 nm, multiple 
peaks are observable in the Mo 3d spectrum, implying that Mo
6+
 is not the only 
oxidation state of MoO3 at the interface. To analyze the oxidation states of Mo ions, 
we applied the standard XPS peak fitting routine for Mo 3d at various thicknesses 







, respectively, with each comprising two peaks due to 
the spin-orbit splitting (i.e. 3d5/2 and 3d3/2) [124, 125]. In the peak fitting, the energy 
difference and intensity ratio between 3d5/2 and 3d3/2 peaks is fixed at 3.1 eV and 5/3, 







 is located at 229.4±0.1 eV, 231.1±0.1 eV, and 
232.4±0.1 eV respectively, consistent with reported values in the literature [124, 126]. 
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From Fig. 4.2(b) to Fig. 4.2(e), it is noted that for lower MoO3 coverage (i.e. 0.4 nm 
and 1.0 nm), all three oxidation states are clearly visible with the Mo
5+
 state domi-
nant. With increasing the thickness of MoO3 overlayer, the Mo
6+
 state gradually 
becomes dominant, whereas the other two states are greatly attenuated, indicating that 
the lower oxidation states mostly exist at the interface. However, in contrast to the 
disappearance of Co 3p photoemission at a nominal thickness of 2.0 nm MoO3, the 
Mo
5+
 component can still be observed even in the 9.0 nm thick MoO3 film, suggesting 
it is distributed a few nm beyond the interface into the bulk film. 
 
Figure 4.2 (a) The evolution of Mo 3d core level as a function of MoO3 thickness. (b), (c), (d) 
and (f) Fitting of the Mo 3d spectra at a nominal thickness of 0.4 nm, 1.0 nm, 4.0 nm and 9.0 







tively. Solid lines and the dotted lines demonstrate the results of least-squares fitting and 
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Figure 4.3 The evolution of Co 3p core level as a function of MoO3 thickness. All the spectra 
are normalized by the refocusing mirror current in front of the analyzing chamber which is 
proportional to the photon flux. The inset in the left top corner shows the difference between 
the as-measured spectra at MoO3 thicknesses (0.4 nm, 1.0 nm and 2.0 nm) and the spectrum 
of pristine Co film by subtracting the later from the prior spectra. 
 
The reduction of the Mo oxidation states at the interface is attributed to interfacial 
chemical reactions such as the formation of interfacial Co oxide which leads to charge 
transfer to the Mo ions. This is confirmed by the evolution of the Co 3p spectrum as a 
function of MoO3 thickness, as displayed in Fig. 4.3. Below the thickness of 1.0 nm 
MoO3, the component due to interfacial reactions is weak as Co 3p (labeled as peak A 
centered at about 58.9 eV BE) from the pristine Co film dominates the spectra. Above 
a nominal thickness of 1.0 nm MoO3, a small shoulder (labeled as peak B) appears. 
Peak B is more clearly visible in the inset of Fig. 4.3, which shows the difference 
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spectra obtained by subtracting the pristine Co spectrum from those with MoO3 films 
after proper normalization. The BE of peak B is located at about 1.9 eV higher than 
that of peak A and is attributed to the formation of Co oxide [127]. First-principles 
calculations [128] show that oxygen vacancies are the most possible defect source 
among various intrinsic defects of MoO3, due to their low formation energy (2.2 eV). 
It was found that vacancies already exist in the thermal evaporated MoO3 films. 
However, the vacancies could hardly be detected for the thick MoO3 film (> 20 nm) 
by photoelectron spectroscopy measurements, because of the low concentration of 
vacancies in the bulk [129]. At the initial stages of MoO3 growth on Co, the interfa-
cial interactions between Co and MoO3 may arise from the existing vacancies in the 
as-grown MoO3 thin film, leading to reduced Mo oxidation states at the interfacial 
region. The cobalt oxide interfacial layer formed thereafter acts as a barrier to further 





ties for MoO3 thin films above 2.0 nm thicknesses, as shown in Fig. 4.2. 
4.2.2 Work function measurements and valence band spectra 
Understanding how the interfacial chemical reaction influences the interfacial energy 
level alignment between MoO3 overlayer and Co substrate has significant implica-
tions for device optimization. Fig. 4.4 shows the UPS spectra for the stepwise 
deposition of MoO3 on Co thin film. All the spectra are taken with a photon energy of 
60 eV. The evolution of the secondary electron cutoff (i.e. vacuum level) is displayed 
in Fig. 4.4(a). The initial WF of Co thin film is around 5.1 eV. It shifts towards higher 
kinetic energy with increasing MoO3 thickness, and saturates at about 6.5 eV at the 
nominal thickness of 6.0 nm MoO3. The overall vacuum level shift of 1.4 eV indicates 
the formation of an interfacial dipole, with its negative terminal at the MoO3 side. 
From the device perspective, the energy level alignment between the substrate and 
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subsequently deposited organic semiconductor is determined by the MoO3-modified 
surface potential, and the hole injection barrier ∆h (the difference between EF and 
HOMO onset of the molecules) is expected to be decreased due to the huge upward 
shift of vacuum level after the deposition of MoO3. In Fig. 4.4(b), the evolution of the 
valence band is displayed as a function of MoO3 thickness. The valence band struc-
ture of MoO3 is clearly resolved above a nominal MoO3 thickness of 1.0 nm. The 
dominant structures located between 3.0 eV and 10.0 eV are mainly derived from the 
O 2p-derived states [125, 126]. At the initial stages of MoO3 deposition, a weak but 
visible structure is observed at about 2.0 eV BE, followed by the emergence of 
another peak centered at around 1.0 eV at the MoO3 nominal thickness of 2.0 nm, 
which are labeled as s1 and s2 respectively. s1 reaches its maximum intensity at a 
nominal thickness of 2.0 nm MoO3 and almost vanishes above 4.0 nm. While s2 starts 
to become visible at 2.0 nm MoO3, and its intensity starts to diminish from 6.0 nm 
MoO3. The binding energies of s1 and s2 remain unchanged during the deposition of 
MoO3. The fact that both components are not observed for stoichiometric thick MoO3 
films [122] suggests that these two peaks are interface states emerging in the energy 





 respectively [122, 130]. The intensity evolution of s1 is 
consistent with that of the Mo
4+ 
XPS component evolution as seen in Fig. 4.2. There 
is an obvious overlap between s1 and s2 derived states at MoO3 thickness between 2.0 
nm and 4.0 nm, suggesting the possibility of charge transport between these two 
interface states. In order to determine the overlap between these two gap states, s1 and 
s2 peaks are extracted after subtracting the background from the VB spectra of 2.0 nm 
and 4.0 nm MoO3, respectively, and plotted in the inset of Fig. 4.4(b). The solid lines 
represent the peak fitting results of s1 and s2 using a Voigt function. Fig. 4.4(c) shows 
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a close-up of the region near the Fermi level EF in the valence band spectra. The 
leading edge of MoO3 valence band is located at 3.3 eV BE at a nominal thickness of 
1.0 nm MoO3. With the increase of MoO3 thickness, it shifts towards lower BE and 
becomes almost stable above a nominal thickness 6.0 nm of MoO3. At a nominal 
thickness of 9.0 nm MoO3, the leading edge of MoO3 valence band is 2.8 eV below 
EF, in excellent agreement with reported values [131]. This implies that the valence 
band of MoO3 exhibits a downward band bending with a magnitude of about 0.5 eV 
away from the MoO3/Co interface. 
 
Figure 4.4 (a), (b) The evolution of secondary electron cutoff and valence band as a function 
of MoO3 thickness. The inset in left top corner of (b) shows the peak fitting results of s1 and 
s2 after subtracting background from each spectrum. s1 and s2 are filled with horizontal and 
vertical bars, respectively. (c) A close-up of the near EF region of the valence band. 
 
It should be noted that the significant increase in WF after MoO3 deposition also 
contains contributions from the band bending at the MoO3 surface. To separate the 
interface dipole contribution to the WF increase, the changes of WF and valence band 
CHAPTER 4 THE MoO3-Co INTTERFACE 
 
     61 
edge of MoO3 are plotted as a function of MoO3 nominal thickness in Fig. 4.5(a). 
Throughout the growth of MoO3, the increase in WF is substantially larger than that 
of the leading edge of MoO3 valence band. The difference gradually enlarges with 
increasing MoO3 thickness and reaches a maximum at 0.9 eV, which is solely con-
tributed by the interface dipole. However, unlike the normally sharp interface dipole 
at the interface, the “interface dipole” in this system is distributed throughout the 
interface region (until a thickness of about 6 nm MoO3 overlayer) which is produced 
by the interfacial chemical reactions between Co and MoO3. The energy level align-
ment between Co and MoO3 is schematically illustrated in the energy level diagram in 
Fig. 4.5(b). The two interface states s1 and s2 are centered at 1.0 eV and 2.0 eV below 
the EF, respectively. In the illustration, it is clearly shown that there is an overlap 
between s1 and s2. Thus the holes could be injected from Co to s1 state and then 
transported through s1 and s2. It is believed that the efficiency of hole injection will 
be significantly increased as the generation of the overlapped gap states may facilitate 
ohmic hole injection between the electrode and the organic thin films as they provide 
the intermediate hopping energy states [55, 132]. 
 
Figure 4.5 (a) The work function shift and the band bending of MoO3 as a function of MoO3 
thickness (b) The energy level diagram at MoO3/Co interface. The surface states s1 and s2 are 
below EF with an overlap between them. 
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4.3 PES study of the Co/MoO3 interface 
4.3.1 Mo 3d, O 1s and Co 2p core level XPS spectra 
 
Figure 4.6 (a) The evolution of Mo 3d core level as a function of Co thickness. (b), (c) and 
(d) Peak fitting of Mo 3d for pristine MoO3 film and at a nominal thickness of 0.13 nm and 







tively. The solid lines and dotted lines demonstrate the results of least-squares fitting and 
experimental data, respectively. 
 
Figure 4.6 shows (a) the evolution of Mo 3d core level spectra as a function of the Co 
deposition thickness and the corresponding peak fitting results of Mo 3d spectra of (b) 
pristine MoO3 film, at a nominal thickness of (c) 0.13 nm and (d) 1.0 nm Co. Upon 
the initial deposition of 0.13 nm Co, Mo 3d starts to broaden and significant multi-
peak structure could be clearly observed in the Mo 3d spectra after the deposition of 
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0.4 nm Co, which implies that interfacial chemical reactions also exist at Co/MoO3 
interface. In order to better understand the evolution of Mo oxidation states during the 
growth of Co, the standard XPS peak fitting routine is applied to the Mo 3d spectra of 
pristine MoO3 film at two selected thicknesses of Co overlayer, 0.13 nm and 1.0 nm. 
Following the peak fitting routine of Mo 3d spectra at MoO3/Co interface described in 
Sec. 4.2.1, the spin-orbit splitting (distance between 3d5/2 and 3d3/2) for all the three 






) is fixed at around 3.1 eV and each 
components is fitted in a Voigt function after the subtraction of a Shirley background. 






 is located at around 230.2±0.1 eV, 
231.6±0.1 eV and 232.7±0.1 eV, respectively, which is a little larger than the corre-







, respectively) at MoO3/Co interface. This deviation may be caused by the 
decrease of core-hole screening effect from the substrate, noting that MoO3 was 
deposited on Co films in the study MoO3/Co interface. In Fig. 4.6(b), it could be seen 
that 3d5/2 and 3d3/2 of Mo
6+
 state fit the Mo 3d spectrum of pristine satisfactorily, 
indicating Mo
6+
 could be considered as the only oxidation state in the MoO3 sub-
strates (thickness > 20 nm), which is in good agreement with the literature [129]. The 
Mo
5+
 component starts to appear after a growth of 0.13 nm Co and results in a broad-
ening of the Mo 3d spectrum, as is shown in Fig. 4.6(c). Since only about a monolayer 
of Co (~ 0.13 nm) is deposited, it is reasonable to hypothesize that MoO3 molecules in 
the chemical reactions can only get partially reduced due to the insufficiency of Co 
atoms, which leads to the absence of Mo
4+
 component in the spectrum. From a 
nominal thickness of 0.4 nm Co, the Mo 3d spectra feature a complicated multi-peak 







) have to be taken into account in the peak fitting of Mo 3d at 1.0 nm Co 
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which is shown in Fig. 4.6(d). It should be noted at the intensity of Mo
4+
 component 




) in the Mo 
3d spectrum at 1.0 nm Co, in contrast to the fact that Mo
5+
 dominates the spectrum 
within the interfacial reacted region at the MoO3/Co interface in Sec. 4.1.2. This 
indicates that the interfacial chemical reaction between Co atoms and MoO3 is exten-
sive at Co/MoO3 interface, which should originate from the diffusion of Co atoms into 
the underlying MoO3 matrix during the deposition of Co onto MoO3 substrate [133].  
 
Figure 4.7 (a) The evolution of O 1s core level as a function of Co thickness. (b), (c) and (d) 
Peak fitting of O 1s for pristine MoO3 film and at a nominal thickness of 0.13 nm and 2.5 nm 









, respectively. The solid lines and dotted lines demonstrate the results of least-squares 
fitting and experimental data, respectively. 
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In Fig. 4.7(a) the evolution of O 1s as a function of Co thickness is shown. As 
guided by the dashed line, it can be easily seen that the BE position of the main peak 
behaves in an unusual way: at the beginning, it shifts to higher BE upon the initial 
deposition of 0.13 nm Co; then it moves back towards lower BE in the following 
stages of Co deposition and becomes almost stable from 1.0 nm Co. However, the 
accurate value of the BE shift could not be determined just from the main peak 
position of O 1s spectra shown in Fig. 4.7(a), as the interfacial chemical reactions 
between Co and MoO3 should produce more components of O ions other than O
2-
 in 
the spectra. Therefore standard peak fitting routine for O 1s is necessary in order to 
deconvolute the evolution of different components. As with the Mo 3d spectra in Fig. 
4.6, in the peak fitting of O 1s a Shirley background is subtracted from the original 
spectra. All the components are fitted with a Voigt function and the full width at half 
maximum (FWHM) for each component is almost fixed in the peak fitting process. 
Fig. 4.7(b), (c) and (d) demonstrate the corresponding peak fitting results of O 1s 
spectra for the pristine MoO3 film, at a nominal thickness of 0.13 nm and 2.5 nm Co, 
respectively. In Fig. 4.7(b), O 1s of the pristine MoO3 film is fitted perfectly using 
only one component, O
2-
 (red line, centered at around 530.6±0.1 eV), which indicates 
that the defect states in MoO3 film are negligible and is consistent with the peak 
fitting results of Mo 3d for MoO3 film shown in Fig. 4.6(b). Upon the deposition of 
0.13 nm Co, the O 1s spectrum is fitted using two different components: the original 
state O
2-




 (blue line, centered at around 
532.0±0.1 eV) in reduced MoO3, as shown in Fig. 4.7(c). As little literature is availa-




 (e. g. BE position, 




 states in the chemi-
cal reactions could be represented by one component [134]. It should be noted that in 
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the peak fitting of O 1s of 2.5 nm Co, a component (green line, centered at around 






 has to be included in order to 
get a satisfying fitting result. However, the corresponding lower oxidation states of 
Mo (< Mo
4+
) could not be deconvoluted in the Mo 3d spectra as shown in Fig. 4.6, 
which may be caused by their low concentration within the interfacial region. Moreo-
ver, the cross section for Mo 3d is comparatively small under high excitation photon 
energy (Al Kα 1486.68 eV), which makes it more difficult to detect the lower oxida-
tion states of Mo. 
As clearly marked by the dashed lines from Fig. 4.7(b) to Fig. 4.7(d), the O
2-
 
component in the spectra firstly shifts to higher BE by 0.3 eV after a deposition of 
0.13 nm Co, and then it shifts back towards lower BE by 0.4 eV after the completion 
of 2.5 nm Co growth. This complex behavior of O 1s core level can be explained in 
the following way: at the beginning of metal deposition (0.13 nm), the Co atoms 
diffuse into MoO3 matrix and react with MoO3 molecules. In the chemical reactions, 
negative charges are transferred to MoO3 films, inducing n-type doping of the MoO3 
film and downward band bending at the interface. As revealed by the BE shift of O
2-
 
component in O 1s spectra after the first deposition of Co, the magnitude of the band 
bending within the interfacial MoO3 film is about 0.3 eV. With increasing the thick-
ness of Co, metallic film starts to form atop of the MoO3 film. Thus the increasing 
core-hole screening effect from metallic Co film will result in O
2-
 shifting towards 
lower BE gradually. Additionally, as can be seen from Fig. 4.7(a), the direction of BE 
shift for O 1s is reversed between 0.13 nm and 0.4 nm Co, implying that the diffusion 
of Co atoms into MoO3 matrix is prevented to some extent and metallic Co film starts 
to form in this range.  
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Figure 4.8 The evolution of Co 2p core level as a function of growing Co thickness 
 
The interfacial chemical reactions between MoO3 and Co can also be verified 
from another perspective: the evolution of Co 2p as a function of Co thickness, which 
is displayed in Fig. 4.8. Upon the first deposition of 0.13 nm Co, two peaks centered 
at around 781.5 eV BE (labeled as peak B) and 787.5 eV BE (labeled as peak C) in 
Co 2p3/2 component could be easily identified, which could be ascribed to the Co-O 
bonds formed in the interfacial chemical reactions between Co and MoO3 [127, 135]. 
The existence of Co-O bonds at Co/MoO3 interface reconfirms the interfacial chemi-













). A new shoulder located at 
about 787.5 eV BE (labeled as peak A) comes into vision from 0.4 nm Co overlayer, 
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which probably originates from the metallic Co thin film formed on the MoO3 matrix. 
This agrees well with the conclusions derived from the evolution of O 1s [Fig. 4.7(a)-
Fig. 4.7(d)]: metallic Co film starts to form in the nominal thickness ranging from 
0.13 nm to 0.4 nm. With increasing the Co thickness, the signal from the metallic Co 
film atop (peak A) becomes dominant in the Co 2p3/2 component from 1.0 nm Co. 
Furthermore, the Co 2p spectra of 1.0 nm, 1.5 nm and 2.5 nm Co show negligible 
difference, indicating that a stable metallic Co film has covered the surface of the 
MoO3 substrate since a nominal thickness of 1.0 nm Co.  
4.3.2 Work function measurements and valence band spectra  
Fig. 4.9 shows the WF measurements and valence band spectra for the stepwise 
deposition of Co on MoO3 film. All the spectra are taken under a excitation photon 
energy of 21.2 eV (HeI UV). The shift of secondary electron cutoff is exhibited in 
Fig. 4.9(a), which could reflect the evolution of WF in the growth of MoO3 on Co. 
The initial WF of the bottom MoO3 film (thickness > 20 nm) is about 6.7 eV and it 
undergoes a sudden decrease to 5.7 eV upon the first growth of 0.13 nm Co. With 
further deposition of Co, the WF gradually shifts towards lower kinetic energy and 
becomes almost stable from about 0.4 nm Co. The final value of the WF of the Co 
thin film atop of the MoO3 matrix is about 4.9 eV, which is 0.2 eV lower than that of 
the pure Co film grown on silicon oxide in Sec. 4.2.2. The overall vacuum level shift 
of 1.9 eV should be contributed from three aspects: first, the formation of interface 
dipole, with its negative terminal at the bottom MoO3 side; second, the band bending 
of MoO3 film due to the charge transfer in the interfacial chemical reactions; and 
third, the core hole screening (normally several tenths of eV) from the metallic Co 
film atop at the late stage of Co growth. However, the interface dipole here is difficult 
to accurately define, as a mixed region will be formed at the Co/MoO3 interface 
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resulting from the diffusion of metal atoms into MoO3 matrix during the growth of the 
former on the later.  
 
Figure 4.9 (a), (b) The evolution of secondary electron cutoff and valence band as a function 
of Co thickness. (c) A close-up of the near EF region of the valence band spectra.  
 
Fig. 4.9(b) displays the evolution of valence band spectra as a function of Co 
thickness. On the first growth of 0.13 nm Co, BE of the leading edge of valence band 
spectrum experiences a sudden shift from 2.8 eV to 3.5 eV, which is probably caused 
by the downward band bending at the interfacial region of MoO3 due to chemical 
reactions between the penetrated Co atoms and MoO3 molecules. It has to be noted 
that the interfacial band bending of MoO3 revealed by O 1s core level in Fig. 4.6 is 
only 0.3 eV, which is much smaller than 0.7 eV here. The different magnitude of band 
bending between O 1s and the leading edge of valence band can be explained by 
taking the electron mean free path λ into account. λ is much larger for the X-ray 
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excited O 1s electrons (Ek ~ 956 eV, λ ~ 2.0 nm) than that for the HeI UV excited 
valence band electrons (Ek ~ 15 eV, λ ~ 0.4 nm) [136]. Therefore, the signal of O 1s 
contains more contribution of photoelectrons coming from the deeper inside of the 
MoO3 film which may less affected by the surface doping, whereas most of the 
valence band photoelectrons originate from very interfacial MoO3 region where is 
doped by the penetrating Co atoms. With further deposition of Co, it is difficult to 
determine the further shift of the leading edge of MoO3 valence band due to its 
overlap with the strong Co 3d band which dominates the valence band spectra after 
1.0 nm Co growth. Two interface states centered at 2.2 eV and 0.9 eV can be resolved 
in the near Fermi level region of valence band at 0.13 nm and 0.4 nm Co coverage, 
which are labeled as s3 and s4, respectively. Similarly as the interface states s1 and s2 
at the Co/MoO3 interface, s3 and s4 are attributed to interfacial chemical reactions 
between Co and MoO3. The small deviation of the BE positions for s3 and s4 from 
that of s1 (2.0 eV) and s2 (1.0 eV) may be caused by the enhanced strength of chemi-
cal reactions between Co and MoO3 due to the diffusion of the former into the later at 
Co/MoO3 interface. 
Fig. 4.9 (c) shows a close up near the Fermi level EF region in the valence band 
structure. At 0.13 nm Co, the EF is not measurable in the valence band spectrum, 
confirming the diffusion of Co atoms into the MoO3 matrix. From 0.13 nm to 0.4 nm, 
the EF becomes clearly visible because metallic Co film starts to form atop of the 
MoO3 film during this period. Therefore we can define 0.4 nm as the “critical thick-
ness” to observe the EF during the growth of Co on MoO3 film. The critical 
thicknesses of Co/MoO3 and other selected metal grown on organic system are 
summarized in Table 4.1. It could easily be seen from the table that the critical 
thickness of Co/MoO3 interface is considerably smaller than that of metal grown on 
CHAPTER 4 THE MoO3-Co INTTERFACE 
 
     71 
organic interfaces, which implies that the diffusion of Co is significantly weakened 
during its deposition on MoO3 film. This may be explained by the interfacial chemical 
reactions between the penetrating Co atoms and MoO3 molecules as well: initially 
cobalt oxide (CoO) is formed in the reactions, which then acts as a barrier to prevent 
further diffusion of Co atom inside the MoO3 matrix. Therefore it is of tremendous 
benefit to introduce the MoO3 buffer layer atop of the organic films before the deposi-
tion of metals during the fabrication of top electrodes for organic-based devices: on 
one hand the diffusion of metal atoms into organic films can be suppressed in favor of 
the formation of a sharp interface between metal electrodes and organic films. On the 
other hand, the hole injection barrier at the ferromagnetic metal/organic interface 
would be decreased after the insertion of MoO3 buffer layer due to its high WF. 
Table 4.1 the critical thickness of different metal/semiconductor interfaces. For all the 
systems, the UPS is collected under the excitation photon energy 21.2 eV (HeI). 
Metal/semiconductor Interface Critical thickness  
Au/pentacene [43] 0.8 nm 
Ag/pentacene [43] 0.8 nm 
Au/CuPc [101] 20 nm 
Mg/Alq3 [137] 6.4 nm 
Al/Alq3 [137] 1.6 nm 
Co/pentacene [50] 1.0 nm 
Co/MoO3 0.4 nm 
 
4.4 Energy level diagram at interface between Co and MoO3 
The energy level diagram of Co/MoO3 interface and MoO3/Co are shown together in 
Fig. 4.10. The interface states s1, s2, s3 and s4 are clearly illustrated and it could be 
seen their distances to EF are 2.0 eV, 1.0 eV, 2.2 eV and 0.9 eV, respectively. As the 
highest occupied molecular state of organic semiconductors is typically 0.5-2.0 eV 
below the EF, it is possible for the holes in MoO3 to flow to the organic layers via the- 
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Figure 4.10 The energy level diagram for interfaces between Co and MoO3. Co
*
 represents 
the interface formed by depositing Co onto MoO3 film. The surface states s1, s2, s3 and s4 are 
highlighted in yellow, red, blue and green colors, respectively. The overlapping between s1 
and s2 is not illustrated in this diagram for clarity.  
 
se interface states, realizing near-ohmic hole injection between the electrode and 
organic transporting layer [138]. In combination with the hole injection barrier 
reduction caused by the insertion of MoO3, the hole injection efficiency from the Co 
electrode to the subsequent deposited organic would be greatly enhanced, thus result-
ing in improved device performance. In the energy diagram in Fig. 4.9, the WF of 
cobalt at the two sides shows an asymmetry behavior: at the Co/MoO3 interface, the 
WF of Co substrate is about 5.1 eV; whereas it is only 4.9 eV for the Co film grown 
on MoO3 film. Such asymmetry of WF is also commonly seen in the interface be-
tween metals and organics [43, 139]. It could be interpreted as follows: during metal 
growth in the MoO3 matrix, mixed regions will be formed due to the diffusion of the 
metal atoms into MoO3 layer; however, for the opposite interface, a sharp interface 
could easily form as it is difficult for the organic molecules to penetrate into the 
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condensed metal film. Moreover, in the study of MoO3/Co, uniform Co thin film 
grown on silicon oxide acts as the substrate for the subsequent stepwise deposition of 
MoO3 [140], whereas for the Co/MoO3 interface, Co clusters are preferentially 
formed initially due to the diffusion of Co atoms into the MoO3 substrate [101]. The 
difference in the morphology of cobalt films may also lead to the WF asymmetry at 
both sides [50, 141, 142]. 
4.5 Chapter summary 
In conclusion, we carried out XPS and UPS measurements to investigate the interfa-
cial electronic states of the interface between Co and MoO3. It is found that interfacial 
reactions between Co and MoO3 exist at both MoO3/Co and Co/MoO3 interfaces, 






 and the 
formation of interfacial Co oxide. Due to the high WF of MoO3 film, the hole injec-
tion barrier between Co and organic hole transporting layers is expected to decrease 
by inserting a MoO3 buffer layer at the interface. This prediction will be examined in 
the following Chapter 5. Interface states s1, s2 and s3, s4 are observed at Co/MoO3 
and MoO3/Co interfaces, respectively, which are attributed to the gap states induced 
by the interfacial chemical reactions between Co and MoO3. If a MoO3 layer is 
sandwiched between Co and organic films, these interface states may play as interme-
diate hopping energy states between EF of the ferromagnetic metal and HOMO of the 
organic molecules in the process of hole injection, which may improve the hole 
injection Co and organic molecules. Moreover, compared with the systems of metal 
growth on organics, the introduction of MoO3 could also decrease the diffusion of 
metal atoms into the bottom matrix, helping to build sharp interfaces between Co 
electrodes and organic layers. These results indicate the potential use of MoO3 as the 
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buffer layer in organic spin valves to enhance the device performance, and may have 





TUNING THE HOLE INJECTION BARRIER BETWEEN 
P-TYPE ORGANIC SEMICONDUCTORS AND Co USING 
A MoO3 BUFFER LAYER 
5.1 Introduction 
In Chapter 4, the interfacial electronic structures between MoO3 and Co were investi-
gated for both MoO3/Co and Co/MoO3 interfaces. Due to the high work function of 
MoO3, it was predicted that the introduction of a MoO3 buffer layer at the interface 
between π-conjugated organic materials and ferromagnetic metal electrodes would 
decrease the interfacial hole injection barrier Δh. In order to verify this prediction, it is 
necessary to deposit p-type organic materials onto the MoO3-predecorated Co film 
and perform PES studies to obtain a comprehensive understanding of the electronic 
structures at interfaces between organic molecules and MoO3/Co substrates. Metal 
phthalocyanines are an important class of planar π-conjugated organic compounds 
that have aroused much research interest due to their interesting physical and chemi-
cal properties, for example, they possess intense absorption in the near IR (infrared) 
region and are extremely resistant to chemical degradation [143-145]. Our choice of 
CuPc is guided by its wide applications in organic electronics, such as organic photo-
voltaic (OPV) cells and OFETs [146-149]. Furthermore, the spin injection at CuPc/Co 
interfaces and spin transport in CuPc films have been investigated using two-photon 
photoemission spectroscopy [107, 150]. It was found that the injection efficiency of 
spin-polarized currents at the CuPc/Co interface can reach 85-90% and the spin flip 
length in CuPc film is estimated to be as long as about 35 nm. Besides CuPc, penta-
cene is also selected as another representative of p-type organic semiconductor due to 
its high field-effect hole mobility [151, 152]. Additionally, pentacene-based organic 
spin valves with magnetoresistances (MR) as high as 29% at 5 K has been successful-
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ly demonstrated [153], indicating the feasibility of pentacene-based organic spintronic 
devices. 
In Chapter 3, the interfacial electronic structures at CuPc/Co and pentacene/Co 
interfaces have been studied and the energy level alignment diagrams for them were 
presented. In this chapter, we describe the energy level alignment diagrams for 
CuPc/MoO3/Co and pentacene/MoO3/Co trilayer structures, which are derived from a 
detailed PES study for CuPc and pentacene deposited on MoO3/Co substrate. By 
comparing the energy level alignment diagrams for p-type organic molecules grown 
on bare Co film and on MoO3/Co substrate, the introduction of MoO3 at the interface 
between organic materials (i.e. CuPc and pentacene) and Co is proved to decrease the 
interfacial hole injection barrier Δh. In the experiments, pristine Co films on native 
silicon oxide of Si(111) were firstly decorated by MoO3 buffer layers of different 
thicknesses, which were used as substrates for the subsequent growth of organic 
materials. In-situ PES measurements were conducted immediately after each deposi-
tion. The Al Kα X-ray source (excitation photon energy 1486.6 eV) and HeI UV 
source (excitation photon energy 21.2 eV) were used for XPS and UPS characteriza-
tions, respectively. 
5.2 CuPc on MoO3/Co substrate 
5.2.1 Mo 3d and C 1s core level XPS spectra 
Fig. 5.1(a) shows the evolution of Mo 3d core level spectra during the stepwise 
deposition of CuPc molecules on a 4.0 nm MoO3/Co substrate. The intensity of the 
Mo 3d spectra at different CuPc thickness decreases monotonously with increasing 
CuPc thickness. No new component is observed in Mo 3d during CuPc deposition, 
implying that the chemical reactions between CuPc and MoO3 molecules do not exist 
at the CuPc/MoO3 interface or they are too weak to be detected by XPS. In Fig. 
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5.2(b), the Mo 3d spectra of MoO3 thin film on Co and at 2.5 nm CuPc thickness are 
compared by normalizing the 3d5/2 component (marked in dashed line) to 1 after 
subtracting a Shirley background from each spectrum. The difference of the two 
spectra is represented by the black dotted line at the bottom of the figure. Hence, the 
Mo 3d spectra of MoO3 film on Co and at 2.5 nm CuPc share almost identical peak 
profiles, confirming the absence of interfacial chemical reactions between CuPc and 
MoO3. 
 
Figure 5.1 (a) The evolution of Mo 3d core level spectra during the deposition of CuPc 
molecules on 4.0 nm MoO3/Co substrate. (b) The difference of Mo 3d spectra of MoO3 thin 
film and at 2.5 nm CuPc thickness by normalizing 3d5/2 component (marked in dashed line) 
after subtracting a Shirley background from each spectrum.  
 
The evolution of C 1s core level spectra is presented in Fig. 5.2(a). Prior to the 
growth of CuPc, a weak peak arising from the carbon contamination on MoO3/Co 
substrate is visible, which may come from the residual hydrocarbons in the UHV 
system. To avoid the destruction to the MoO3 film, annealing or sputtering can not be 
employed to remove the surface carbon contaminations. However, the contribution of 
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the carbon contamination to the overall C 1s spectra of CuPc can be ignored as its 
surface concentration is less than 1% on MoO3 surface. Upon the deposition of 0.6 nm 
CuPc, the C 1s spectrum shows a clear multi-peak structure. With further CuPc 
growth, the intensity of C 1s spectra increases gradually. At 5.0 nm CuPc thickness, 
the C 1s spectrum consists of three components. The corresponding peak fitting 
results for C 1s at 0.6 nm and 5.0 nm CuPc are shown in Fig. 5.2(b) and 5.2(c), 
respectively. Following the same peak fitting routine for Mo 3d and O 1s in Chapter 
4, a Shirley background is subtracted from the original spectra. During the least-
squares fitting procedure, each spectrum is fitted with three vogit components C1 (red  
 
Figure 5.2 (a) The evolution of C 1s core level spectra as a function of CuPc growing 
thickness. (b) (c) The peak fitting results for C 1s at 0.3 nm and 5.0 nm CuPc overlayer. The 
red, blue and green lines represent C1, C2 and SC2 component, respectively. Black solid lines 
and the dotted markers demonstrate the least-squares fitting results and experimental data, 
respectively.  
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lines), C2 (blue lines) and SC2 (green lines), centered at 284.1±0.1 eV, 285.6±0.1 eV 
and 287.5±0.1 eV, respectively. According to previous reports, C1, C2 and SC2 are 
attributed to the aromatic carbon of the benzene rings, pyrrole carbon linked to 
nitrogen and π-π* shake-up satellite arising from C2 component, respectively [154, 
155]. From Fig. 5.2 (b) and 5.2(c), each component maintains almost the same BE 
position in the C 1s spectra at 0.6 nm and 5.0 nm CuPc, as guided by the dashed lines. 
The issue of band bending at the interfacial region of CuPc film will be discussed in 
Sec. 5.2.2. Table 5.1 summarizes the relative intensity percentages of C1, C2 and SC2 
in the C 1s spectra of the 0.6 nm and 5.0 nm CuPc films. It is found that the contribu-
tions from C1, C2 and SC2 components to the overall intensity of the spectrum show 
considerable small variations, which is less than 1% for each component. This result 
excludes the possibility of interfacial chemical reactions between CuPc and MoO3 
molecules at MoO3/CuPc interface, consistent with the evolution of Mo 3d spectra as 
shown in Fig. 5.1. 
Table 5.1 the percentages of C1, C2 and SC2 contributing to the overall intensity of C 1s 
spectra at 0.6 nm and 5.0 nm CuPc. 
 C1 C2 SC2 
0.6 nm 65.8% 30.3% 3.9% 
5.0 nm 64.7% 31.1% 4.2% 
 
5.2.2 Work function measurements and valence band spectra 
Fig. 5.3 shows the UPS spectra collected using photon energy of 21.2 eV (HeI UV 
source) during the stepwise deposition of CuPc molecules on 4.0 nm MoO3/Co 
substrate. The evolution of the secondary electron cutoff is displayed in Fig. 5.3(a). 
The initial work function (WF) of the cobalt film is around 5.1 eV and it undergoes a 
sudden increaes to 6.4 eV after the deposition of 4.0 nm MoO3 film, in good agree-
ment with the results in Sec 4.2. Upon deposition of 0.3 nm CuPc on MoO3/Co 
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substrate, the WF falls to about 5.6 eV. Further deposition of CuPc molecules shifts 
the WF towards lower kinetic energy, saturating at around 4.5 eV at 1.25 nm CuPc th- 
 
Figure 5.3 (a), (b) The evolution of secondary electron cutoff and valence band spectra as a 
function of CuPc thickness on 4.0 nm MoO3/Co substrate. (c) A close-up of the near EF 
region of the valence band spectra.  
 
ickness. The overall vacuum level shift of about 1.9 eV indicates the formation of an 
interfacial dipole at the CuPc/MoO3 interface, with its negative terminal at the MoO3 
side [142]. In Fig. 5.3(b), the evolution of the valence band spectra as a function of 
CuPc thickness on 4.0 nm MoO3/Co substrate is displayed. At the initial deposition of 
0.3 nm CuPc, a new shoulder forms at about 2.6 eV BE in the valence band, which is 
ascribed to HOMO-1 of CuPc. With increasing thickness of CuPc, HOMO-1 contin-
ues shifting toward higher BE and becomes stable at around 3.1 eV for the 1.25 nm 
CuPc overlayer. This indicates an upward band bending of about 0.5 eV for HOMO-1 
at the interfacial region of the CuPc film, probably originating from negative charge 
transfer from CuPc to MoO3. The flow of electrons from CuPc to MoO3 leads to hole 
CHAPTER 5 A MoO3 BUFFER LAYER 
 
     81 
accumulation at the interfacial CuPc film, consistent with the direction of interface 
dipole as revealed in Fig. 5.3(a). Similar charge transfer between MoO3 and α-NPB 
has been observed in several previous studies [129, 132]. However, it has to be noted 
that the C 1s core level spectra of the CuPc in Fig. 5.2 do not show such a bending 
behavior, which can be explained if we consider the variation of mean free path λ for 
electrons with different kinetic energies. In CuPc film, λ is much larger for the Al Kα 
X-ray excited C 1s electrons (Ek ~ 1200 eV, λ ~ 1.5 nm) than that for the HeI UV 
excited valence band electrons (Ek ~ 15 eV, λ ~ 0.2 nm) [136]. Therefore the C 1s 
signal at higher CuPc coverages (e.g. 2.5 nm and 5.0 nm) is largely from the bulk of 
the film; whereas the valence band photoelectrons largely originate from the surface 
of the CuPc overlayer, thus revealing true band bending at the surface of CuPc film. 
Fig. 5.3(c) shows a close-up of the near EF region in the valence band spectra. In the 
spectrum of the 4.0 nm MoO3/Co substrate, two interface states s1 and s2 at around 
2.0 eV and 1.0 eV BE are produced in the interfacial chemical reactions between 
MoO3 and Co, which was discussed in Sec. 4.2.2. At the initial stages of CuPc deposi-
tion (i.e. 0.3 nm and 0.6 nm), it can be seen that the peak inside the dashed circle 
consists of two contributions: the interface state s2 from the substrate and HOMO of 
the molecules. The overlapping of HOMO with s2 at lower CuPc coverages makes it 
difficult to accurately determine the HOMO shift and hence band bending. With 
further growth of CuPc, the HOMO of CuPc becomes dominant from a nominal 
thickness of 1.25 nm CuPc. At coverages above 2.5 nm, the signal from the substrate 
could be neglected and a pure CuPc film forms, judging from the fact that the spectra 
exhibit negligible differences from 2.5 nm to 5.0 nm CuPc. At 2.5 nm CuPc thickness, 
the hole injection barrier ∆h at the lower BE onset of HOMO marked in dashed line is 
determined to be 0.4 eV. In Chapter 3, it was found that ∆h for CuPc directed deposit-
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ed on Co is as large as 0.8 eV. Therefore the MoO3 mediated layer significantly 
lowers the hole injection barrier between Co and CuPc and proves to be an effective 
buffer layer at the Co/CuPc interface. Moreover, the overlapping between the HOMO 
of molecules and interface state s2 at lower CuPc coverages suggests the possibility of 
charge transport between these two states which may facilitate ohmic hole injection 
from Co electrode to CuPc film via the interface states at MoO3/Co interface [55, 
132]. 
 
Figure 5.4 (a), (b) The evolution of secondary electron cutoff and valence band spectra as a 
function of CuPc thickness on 2.0 nm MoO3/Co substrate.  
 
To further investigate the effect of MoO3 thickness on the tuning of the hole in-
jection barrier at Co/CuPc interface, the thickness of MoO3 buffer layer is reduced 
from 4.0 nm to 2.0 nm. Fig. 5.4(a) presents the evolution of secondary electron cutoff 
with the stepwise deposition of CuPc molecules on 2.0 nm MoO3/Co substrate. After 
the growth of 2.0 nm MoO3, the WF changes from 5.1 eV for bare Co film to 6.1 eV, 
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0.3 eV lower than that of 4.0 nm MoO3/Co substrate. In the subsequent deposition of 
CuPc molecules, the WF decreases and stabilizes at about 4.5 eV for a 1.0 nm CuPc 
film. The overall vacuum level shift of about 1.6 eV indicates that an interface dipole 
also exists at the interface between CuPc and 2.0 nm MoO3/Co substrate. The inter-
face dipole should arise from the same mechanism as previously described for the 4.0 
nm MoO3/Co substrate: negative charge is transferred from CuPc to MoO3 molecules 
at the interface. The evolution of the valence band spectra of CuPc deposited on 2.0 
nm MoO3/Co substrate is displayed in Fig. 4.5(b). After the deposition of 2.0 nm 
MoO3 on Co substrate, the two interface states s1 and s2 could be observed in the 
corresponding valence band spectrum, centered at around 2.0 eV and 1.0 eV, respec-
tively. At the initial stages of CuPc deposition (i.e. 0.1 nm and 0.5 nm), the HOMO of 
the CuPc molecules cannot be resolved due to its superposition with s2. The molecu-
lar HOMO starts to dominate over s2 at 0.5 nm CuPc and becomes stable from a 
nominal thickness of 1.0 nm. From 3.0 nm to 5.0 nm CuPc, the valence band structure 
shows negligible difference, indicating the formation of a pure CuPc thin film on 2.0 
nm MoO3/Co substrate. In the valence band spectrum of 3.0 nm CuPc, the lower BE 
onset of HOMO (Δh) is marked by the dashed line. It is indicated that Δh for CuPc on 
2.0 nm MoO3/Co is about 0.4 eV, same as on the 4.0 nm MoO3/Co substrate. This 
finding reveals that the tuning effect of MoO3 buffer layer on the hole injection barrier 
between Co and CuPc is independent on its thickness, at least down to 2 nm. 
5.2.3 Energy level diagrams for the CuPc/MoO3/Co trilayer structure 
The energy level alignment diagram for CuPc on Co, CuPc on 4.0 nm MoO3/Co and 
CuPc on 2.0 nm MoO3/Co are displayed in Fig. 5.5(a), (b) and (c), respectively. The 
energy level alignment diagram for CuPc on Co substrate is taken from Chapter 3. As 
marked in the diagrams, the ionization potentials (IP) of the CuPc film on Co and 
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MoO3/Co substrate are 4.8 eV and 4.9 eV, respectively, consistent with previously 
reported values [112, 156-158]. A slight decrease in IP for CuPc film grown on Co 
film compared with that on MoO3/Co may be due to the stronger core-hole screening  
 
Figure 5.5 The energy level alignment diagrams for (a) CuPc/Co, (b) CuPc/4.0 nm MoO3/Co 
and (c) CuPc/2.0 nm MoO3/Co 
 
effect from the metal substrate. In the illustrations, it is shown that insertion of a 
MoO3 buffer layer between CuPc and Co reduces the hole injection barrier Δh from 
0.8 eV to 0.4 eV. However, changing the thickness of the buffer layer will not bring 
down Δh further. This is probably due to the charge transfer between CuPc and MoO3 
molecules at the interface, which pins the EF at 0.4 eV above the HOMO of CuPc. 
The Fermi level pinning at the CuPc/MoO3 interface can be explained by the Integer 
Charge-Transfer (ICT) model proposed by M. Fahlman et al. [46, 159]. It should be 
noted that the ICT model can only be applied to interfaces characterized by negligible 
hybridization of π-conjugated molecular orbits and substrate wave functions. The pre-
deposition of Co substrate with MoO3 film not only modifies the metal WF through 
the push-back effect, but could also decouple the π-electrons of the organic molecules 
from the Co 3d valence band thereby preventing hybridization; thus ICT model is 
applicable to the interface between CuPc molecules and MoO3/Co substrate. In the 
ICT model, two virtual electronic states inside the band gap of organic molecules are  
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Figure 5.6 Schematic illustrations of different energy level alignment regimes when the 
organic molecules are physisorbed on a substrate surface when (a) sub  > EICT+, (b) EICT- > 
sub  > EICT- and (c) sub < EICT-. The vacuum level shift Δ induced by the charge transfer is 
shown at the interface. 
 
proposed: the positive integer charge transfer state ICT+ and the negative charge 
transfer state ICT-. “The energy of a positive integer charge-transfer state, EICT+, is 
deﬁned as the energy required to take away one electron from the molecule/polymer 
producing a fully relaxed state, that is, both electronic and geometrical relaxation are 
included as well as screening from the substrate. The energy of a negative integer 
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charge-transfer state, EICT-, is deﬁned as the energy gained when one electron is added 
to the molecule/polymer producing a fully relaxed state, that is, both electronic and 
geometrical relaxation are included as well as screening from the substrate” [46]. At 
the interface between organic molecules and substrate, three different energy level 
alignment regimes are classified depending on the relative position of substrate WF 
sub  to EICT+/EICT- of the molecules, as illustrated in Fig. 5.6.  
Fig. 5.6(a) shows the energy level alignment regime at the interface between or-
ganic material and substrate for the case where sub  > EICT+, that is, the WF of 
substrate is larger than the positive integer charge transfer state. When the organic 
material is put in contact with the substrate, charge transfer will occur at the interface 
and the electrons starts to flow from the adsorbed organic molecules to substrates 
spontaneously. With further electron flows, the negative charges will accumulate in 
the substrate while the organic molecules become positively charged, producing an 
interface dipole with a magnitude sub  - EICT+. The charge transfer will continue until 
the potential equilibrium is reached, when the EF becomes aligned with the molecular 
EICT+. Furthermore, tuning the value of sub  will not bring any difference to /org sub
(WF of the organic film on substrate), but only change the magnitude of the interface 
dipole. Therefore in this case the EF is pinned to the positive charge transfer state of 
organic material. Fig. 5.6(b) depicts the energy level alignment regime at the interface 
between organic material and substrate where EICT- > sub  > EICT+, that is, sub  
locates between EICT- and EICT+. When the organic material is brought in contact with 
the substrate, charge transfer will not occur at the interface. Hence, there will be no 
interface dipole between the organic material and substrate, and the vacuum level 
holds constant across the interface. In other words, this type of interface is character-
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ized by the so-called vacuum level alignment. Lastly the energy level alignment 
regime at the interface between organic material and substrate for the third case where 
sub  < EICT- is presented in Fig. 5.6(c). When the organic material is grown on the 
substrate, electrons will spontaneously flow from the substrate to the unoccupied 
states in the organic molecules. With further electrons flows, at the interfacial region 
the organic molecules will become rich in holes, while the substrate becomes nega-
tively charged, opposite to the case where sub  > EICT+. The interface dipole with a 
magnitude of EICT- - sub  will be produced from the charge transfer between the 
organic material and substrate. The charge transfer will continue until the EF becomes 
aligned with the EICT-of the organic molecules. Moreover, /org sub is independent on 
sub  as long as sub  < EICT-, and changing the value of sub  only affects the magni-
tude of interface dipole. Thus the EF is pinned to the molecular EICT- at the 
organic/substrate interface in this case. 
 
 
Figure 5.7 (a) The electronic structure of 4.0 nm MoO3/Co substrate (left), 2.0 nm MoO3/Co 
substrate (right) and CuPc (middle), before bringing CuPc molecules in contact with sub-
strate. (b) The energy level alignment diagrams at the interface between CuPc and 4.0 nm 
MoO3/Co substrate and 2.0 nm MoO3/Co after the formation of CuPc film on each substrate. 
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Based on the ICT model, the Fermi level pinning effect at the CuPc/MoO3 inter-
face can be satisfactorily explained. As illustrated in Fig. 5.7(a), the WFs of 4.0 nm 
MoO3/Co substrate and 2.0 nm MoO3/Co substrate are 6.4 eV and 6.1 eV, respective-
ly. In both cases, it is larger than the positive integer charge transfer state EICT+ of 
CuPc molecules; thus electrons will flow from the molecular HOMO to the underly-
ing MoO3 film across the interface. An interface dipole will be produced in the charge 
transfer, with its negative terminal at the 2.0 nm/4.0 nm MoO3/Co substrate. The 
resulting vacuum level shifts at the interface between CuPc films and substrates by 
1.9 eV and 1.6 eV on 4.0 nm MoO3/Co, 2.0 nm MoO3/Co, respectively, as shown in 
Fig. 4.7(b). After equilibrium is reached, the EF is aligned with the molecular EICT+, 
that is, pinned at 0.4 eV above the molecular HOMO regardless whether CuPc is 
grown on 4.0 nm MoO3/Co or 2.0 nm MoO3/Co. Therefore, changing the thickness of 
MoO3 buffer layer between Co and CuPc only affects the magnitude of the interface 
dipole, but will not bring any difference to the tuning effect of the hole injection 
barrier Δh, which remains constant at around 0.4 eV. Moreover, the position of the 
positive integer charge transfer state EICT+ of CuPc could be determined by subtract-
ing the hole injection barrier from the ionization potential of the molecules. It can be 
seen in Fig. 5.7 (b) that EICT+ of CuPc is about 4.5 eV, which is in good agreement 
with the previously reported values [159, 160]. 
5.3 Pentacene on MoO3/Co substrate 
5.3.1 Work function measurements and valence band spectra 
Fig. 5.8(a) shows the evolution of secondary electron cutoff during the deposition of 
pentacene molecules on 4.0 nm MoO3/Co substrate. Upon initial deposition of mono-
layer pentacene (0.3 nm), the WF of MoO3-decorated Co suddenly changes from 6.4 
eV to 5.2 eV. With increasing pentacene thickness, the WF of pentacene thin film on 
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MoO3/Co substrate eventually reaches a steady value 4.5 eV at a nominal thickness of 
3.7 nm pentacene. The total shift of vacuum level of 1.9 eV indicates the formation of 
  
 
Figure 5.8 (a), (b) The evolution of secondary electron cutoff and valence band spectra as a 
function of pentacene thickness on 4.0 nm MoO3/Co substrate. 
 
an interface dipole, with its negative terminal at the side of MoO3/Co substrate. The 
evolution of valence band of pentacene film on 4.0 nm MoO3/Co is depicted in Fig. 
5.8(b). From a nominal thickness of 2.2 nm pentacene, the signal of pentacene film on 
top starts to dominate the overall valence band spectra, judging from the fact that the 
spectra show little variation from 2.2 nm to 6.2 nm. At 5.2 nm pentacene, the HOMO 
onset is determined to be at around 0.4 eV, indicating that the hole injection barrier Δh 
is 0.4 eV after the introduction of MoO3 buffer layer at pentacene/Co interface. From 
Chapter 3, it was found that the hole injection barrier for pentacene directly deposited 
on bare Co is about 1.0 eV. Therefore the insertion of MoO3 buffer layer at penta-
cene/Co interface could effectively lower Δh by more than half. Moreover, the IP of 
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pentacene molecules is calculated to be about 4.9 eV by adding Δh and WF, in agree-
ment with published values [50, 161]. 
To further investigate whether the tuning of Δh is dependent on the thickness of 
MoO3 buffer layer, the thickness of the MoO3 interlayer between pentacene and Co is 
decreased from 4.0 nm to 2.0 nm. Fig. 5.9(a) displays the evolution of secondary 
electron cutoff as a function of pentacene thickness on 2.0 nm MoO3/Co substrate. 
After deposition of 2.0 nm MoO3, the WF of Co changes from 5.1 eV to about 6.1 eV,  
 
Figure 5.9 (a), (b) The evolution of secondary electron cutoff and valence band spectra as a 
function of pentacene thickness on 2.0 nm MoO3/Co substrate.  
 
0.3 eV lower that of 4.0 nm MoO3 on Co. Upon deposition of pentacene, the WF 
moves towards lower kinetic energies and finally becomes stable at around 4.5 eV 
from a nominal thickness of 2.8 nm pentacene. The evolution of valence band spectra 
during the growth of pentacene on 2.0 nm MoO3/Co substrate is shown in Fig. 5.9(b). 
It is observed that the valence band features do not change at thicknesses greater than 
1.4 nm pentacene, implying that the MoO3/Co substrate is fully covered by pentacene 
CHAPTER 5 A MoO3 BUFFER LAYER 
 
     91 
films. The hole injection barrier Δh at 5.6 nm pentacene is determined to be about 0.4 
eV, similar to the case when the thickness of MoO3 buffer layer is 4.0 nm. This 
indicates that the tuning effect of Δh is independent of the thickness of MoO3 buffer 
layer at pentacene/Co interface. 
5.3.2 Energy level alignment diagrams for pentacene/MoO3/Co trilayer 
structure 
 
Figure 5.10 The energy level alignment diagrams for (a) pentacene/Co interface, (b) penta-
cene/4.0 nm MoO3/Co and pentacene/2.0 nm MoO3/Co. The left part of (b) shows the 
electronic structure of 4.0 nm MoO3/Co substrate, 2.0 nm MoO3/Co substrate and pentacene 
before bringing pentacene molecules in contact with substrate. 
 
The results in Sec. 5.3.1 demonstrate that the Fermi level pining effect is also ob-
served at the interface between pentacene and MoO3/Co substrate. Fig. 5.9(a) shows 
the energy level alignment diagram at the pentacene/Co interface, as presented in 
Chapter 3. It could be seen that the interfacial hole injection barrier Δh for pentacene 
film deposited on bare Co substrate is about 1.0 eV. As illustrated in Fig. 5.9(b), with 
a 4.0 nm or 2.0 nm MoO3 interlayer, the WF increases from 5.1 eV for Co film to 6.4 
eV and 6.1 eV, respectively. For either 4.0 nm MoO3/Co or 2.0 nm MoO3/Co sub-
strate, the WF is larger than the positive integer charge transfer state of pentacene 
molecules; thus in the interfacial region the electrons will flow from pentacene film to 
the underlying MoO3. Due to the charge transfer between pentacene and MoO3 
molecules, a large interface dipole with its negative terminal at MoO3/Co side forms, 
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indicated by the upward shift of vacuum level as illustrated in Fig. 5.9(b). Finally 
when the equilibrium potential is reached, the EF is aligned with the EICT+ of penta-
cene, that is, pinned at 0.4 eV above the molecular HOMO. The value of EICT+ for 
pentacene molecules could be determined to be about 4.5 eV by subtracting Δh (0.4 
eV) from the molecular IP (4.9 eV). 
5.4 Chapter summary 
In this chapter, the interfacial electronic structures between p-type organic molecules 
(i.e. CuPc and pentacene) and MoO3/Co substrate are investigated using XPS and 
UPS measurements. No evidence on interfacial chemical reactions has been observed 
in the evolution of Mo 3d and C 1s core level spectra with the stepwise growth of 
CuPc on 4.0 nm MoO3/Co substrate. The energy level alignment diagrams for 
CuPc/Co, CuPc/4.0 nm MoO3/Co and CuPc/2.0 nm MoO3/Co indicate that the 
introduction of a MoO3 interlayer  effectively reduces the hole injection barrier Δh 
from 0.8 eV to 0.4 eV. Additionally, it is found that the tuning effect is independent of 
the thickness of MoO3 buffer layer, that is, the EF is at 0.4 eV above the molecular 
HOMO of CuPc regardless whether CuPc grows on either 4.0 nm MoO3/Co or 2.0 nm 
MoO3/Co. A similar phenomenon is observed for pentacene: Δh is reduced from 1.0 
eV to 0.4 eV after the insertion of a MoO3 buffer layer at the pentacene/Co interface. 
The tuning effect is similarly independent of the thickness of MoO3 buffer as the EF is 
pinned at 0.4 eV above the molecular HOMO of pentacene. Based on the ICT model, 
the Fermi level pinning effect at the interfaces between p-type organic molecules (i.e. 
CuPc and pentacene) and MoO3/Co substrates is well explained.  
These results indicate that the introduction of MoO3 buffer layer at the interface 
between p-type organic materials and ferromagnetic metal can effectively reduce the 
hole injection barrier Δh. For applications in organic spintronic devices, the reduction 
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in the hole injection barrier allows an enhanced efficiency of spin polarized currents 
from ferromagnetic electrodes to p-type organic materials [31, 120]. Therefore MoO3 






TUNING THE ELECTRON INJECTION BARRIER 
BETWEEN N-TYPE ORGANIC SEMICONDUCTORS 
AND Co USING AN Alq3 BUFFER LAYER 
6.1 Introduction 
In the last chapter, the electronic structures at the interface between p-type organic 
molecules and MoO3 pre-decorated Co film were investigated. It was found that the 
introduction of a MoO3 buffer layer at p-type organic molecules/Co interface can 
significantly reduce the hole injection barrier Δh. However, more work is needed to 
tune the interfacial electron injection barrier Δe between ferromagnetic electrodes and 
n-type organic molecules, which is the main task of this chapter. 
It has been successfully demonstrated that the carrier injection barrier at organic-
metal interface can be tuned by modifying the metal surfaces with organic buffer 
layers. For example, self-assembled monolayer (SAM) of functionalized aromatic 
thiols [61] and some electron acceptor molecules have been proved to be effective in 
tuning the interfacial carrier injection barrier as a buffer layer [62, 63]. However, little 
attention so far has been paid to tuning the carrier injection barrier between the 
ferromagnetic metal electrodes and organic transporting films using organic buffer 
layers, which undoubtedly would have implications for the optimization of organic 
spin valves. In this chapter, we demonstrate how to tune the carrier injection barrier 
between n-type organic molecules (i.e. C60 and PTCDA) and cobalt substrate by 
introducing a tris(8-hydroxy-quinoline) aluminum (Alq3) interlayer. The chemical 
structural schematic of a Alq3 molecule is shown in Fig. 6.1. By decorating the metal 
surface with Alq3 molecules, the WF of Co decreases remarkably due to the interfa-
cial dipole and the intrinsic dipoles of Alq3 molecules. Hence, the energy level 
alignment between the substrate and subsequently deposited organic semiconductors 
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is dominated by the modified surface potential, and the interfacial electron injection 
barrier ∆e may be reduced. C60 is chosen as a representative of n-type organic mole-
cules due to fact that C60 film exhibits high electron mobility in ultra high vacuum and 
is widely used in OFETs [95, 96, 162-164]. Moreover, spin coherent transport in 
fullerene films at RT has been observed in C60-based organic spin valves, which 
opens a window for the future application of C60 in spintronic devices [165]. Besides 
C60, PTCDA is also selected as another representative of n-type organic molecule due 
to two reasons: Firstly, single crystalline PTCDA film was utilized as n-type conduct-
ing channel material in OFETs during the last few decades [97, 166]. Secondly, a 
PTCDA-based organic spin valve exhibiting a magnetoresistance up to 12% at RT has 
been recently demonstrated [167].  
 
Figure 6.1 Chemical structural schematic of Alq3 molecule 
 
In this chapter, the interfacial electronic structure between Alq3 and Co is firstly 
investigated. Thereafter, we present the energy level alignment diagrams for 
C60/Alq3/Co and PTCDA/Alq3/Co trilayer structures, derived from a detailed PES 
study for C60 and PTCDA grown on Alq3/Co substrate. In Chapter 3, the interfacial 
electronic structures at C60/Co and PTCDA/Co interfaces have been studied and their 
energy level alignment diagrams were proposed. By comparing the energy level 
alignment diagrams for n-type organic molecules on bare Co film and on Alq3/Co 
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substrate, it is found that the insertion of an Alq3 buffer layer at the interface between 
organic materials (i.e. C60 and PTCDA) and Co can decrease the interfacial electron 
injection barrier Δe. In the experiments, Alq3 buffer layers of different thicknesses 
were deposited in-situ on pristine Co films on native silicon oxide of Si(111), and are 
used as substrates for the subsequent depositions of C60 and PTCDA. In-situ synchro-
tron-based PES measurements were conducted immediately after each deposition.  
6.2 PES study of the Alq3/Co interface 
6.2.1 C 1s and O 1s core level XPS spectra 
 
Figure 6.2 The evolution of (a) C 1s and (b) O 1s as a function of Alq3 thickness on Co film. 
The C 1s and O 1s spectra were taken at photon energies of 350 eV and 650 eV, respectively. 
 
Prior to the deposition of Alq3, the cleanness of the cobalt thin film was checked by 
XPS to ensure there was no carbon contamination. The evolution of C 1s and O 1s 
during the stepwise growth of Alq3 on Co thin film is shown in Fig. 6.2(a) and (b), 
respectively. In Fig. 6.2(a), the peak positions of C 1s spectra shift towards higher BE 
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gradually with increasing the thickness of Alq3 overlayer. From 0.28 nm to 4.0 nm 
Alq3, the magnitude of BE shift is as large as 1.1 eV, which could not be solely 
explained by the decrease of core hole screening effect from the metallic substrate 
(normally several tenths of eV) [104]. Moreover, it can be easily observed that the 
shape of the C 1s spectrum at 0.28 nm Alq3 differs from that at 4.0 nm Alq3, revealing 
the existence of interfacial chemical reactions between Alq3 molecules and Co 
substrate. In Fig. 6.2(b), the O 1s spectrum at 0.28 nm Alq3 mainly consists of two 
contributions O-1 and O-2, centered at around 533.0 eV and 529.7 eV, respectively. 
Note that the thickness of Co film on the native silicon oxide is only around 4.0 nm, 
the Si 2p and O 1s core levels from the SiO2 substrate can still be detected on bare Co 
thin film. Therefore the O-1 component is ascribed to the SiO2 substrate signal 
beneath the Co film [168, 169]. With increasing Alq3 overlayer thickness, it is ob-
served that the intensity of O-2 gets decreases and becomes hardly observable in the 
O 1s spectrum at 4.0 nm Alq3. Therefore O-2 should be a product of interfacial 
chemical reactions between Alq3 and Co, which is confined within the interfacial 
region. From a nominal thickness of 0.76 nm Alq3, a new component O-3 centered at 
around 531.6 eV starts to appear in the O 1s spectra. With further Alq3 deposition, the 
intensity of O-3 increases monotonously and dominates the overall spectrum from a 
nominal thickness of 3.25 nm Alq3, indicating that O-3 arises from the pure unreacted 
Alq3 multilayer film away from the Alq3/Co interface. 
In Fig. 6.3, the standard peak fitting routine is applied to C 1s and O 1s core level 
spectra for selected Alq3 thicknesses (i.e. 2.0 nm and 4.5 nm) to elucidate the interfa-
cial chemical reactions between Alq3 molecules and Co substrate. The experimental 
data is plotted as dotted lines and we subtracted a Shirley background from each 
original spectrum before the fitting. For the C 1s spectrum in Fig. 6.3(a), three comp- 
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Figure 6.3 A fit to core level of C 1s (a), (c) and O 1s (b), (d) at normal thickness of 2.0 nm 
and 4.5 nm Alq3, respectively, for Alq3 growth on Co thin film. Solid lines through the 
experimental data points demonstrate the results of least-squares fitting. 
 
onents centered at 286.3±0.1 eV, 285.6±0.1 eV and 284.9±0.1 eV eV can be fitted, 
originating from different carbon bonding environments in the 8-quinolinol ligands of 
pristine Alq3 molecules: the bridged carbons only connected to other carbons (C-C 
bonds), carbons at the outer ring that have bonds with both carbon and hydrogen (C-H 
bonds), and the carbons connected to nitrogen or oxygen (C-X bonds), respectively 
[170, 171]. The new component (filled in grey shadow) centered at 284.4 ± 0.1 eV is 
attributed to the chemical reactions between Alq3 and Co. Comparing the C 1s spectra 
in Fig. 6.3(a) (θAlq3 = 2.0 nm) and (c) (θAlq3 = 4.5 nm), it can be seen that at 4.5 nm 
Alq3 thickness, the percentage of C-X bonds increases at the expense of weight 
reduction in the other components, indicating that the reacted carbons are those 
attached to nitrogen or oxygen [170]. In Fig. 6.3(b), two peaks are observed in the O 
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1s spectra at 2.0 nm Alq3: one component centered at around 531.6±0.1 eV BE is at 
almost the same position for the pure unreacted Alq3 film; while the additional peak at 
lower BE (centered at around 529.7±0.1 eV) corresponds to O-Co bonding arising 
from interfacial chemical reactions between Alq3 molecules and Co atoms [49]. 
Moreover, it was found that all the components for C 1s in Fig. 6.3 (c) and O 1s in 
6.3(d) shift toward higher BE compared with that in Fig. 6.3(a) and Fig. 6.3(b), which 
is probably caused by the decrease of core-hole screening from a nominal Alq3 
thickness of 2.0 nm to 4.5 nm. Similar chemical reactions also have been reported at 
Alq3/Al, Alq3/Mg interfaces [44, 172]. Interface states may be created in the chemical 
reactions between Alq3 molecules and Co atoms, and it is believed that these electron-
ic gap states resulting from the chemical reaction between Co and Alq3 may facilitate 
the injection of electrons [173, 174]. 
 
Figure 6.4 The evolution of (a) secondary electron cutoff and (b) valence band spectra as a 
function of Alq3 thickness on Co substrate.  
CHAPTER 6 AN Alq3 BUFFER LAYER 
 
     100 
6.2.2 Work function measurements and valence band spectra  
Fig. 6.4 shows the UPS spectra during the stepwise deposition of Alq3 on Co sub-
strate. In Fig. 6.4(a), the initial WF of Co thin film is about 5.2 eV. Upon the 
deposition of monolayer Alq3 (~ 0.28 nm), the WF undergoes a sudden decrease to 
4.2 eV. With further deposition of Alq3, it is observed that the WF keeps shifting 
towards lower kinetic energy and becomes stable at around 3.5 eV from a nominal 
thickness of 2.0 nm. This dramatic drop of WF from 5.2 eV to 3.5 eV after the growth 
of multilayer Alq3 on Co can be explained by the interface dipole which contains two 
contributions: the Pauli repulsion at the interface (several tenths of eV) and the 
intrinsic dipoles of Alq3 molecules (about 1.0 eV) [49, 175]. Specifically, the Pauli 
repulsion is confined within the monolayer Alq3 layer, whereas the intrinsic dipoles in 
Alq3 molecules are mainly responsible for the vacuum level shift in the range beyond 
monolayer. From the device perspective, the energy level alignment between the 
substrate and subsequently deposited organic molecules is determined by the Alq3-
modified surface potential; therefore the electron injection barrier Δe at the interface 
between organic materials and Co is expected to reduce due to the huge downward 
shift of vacuum level after the insertion of Alq3 buffer layer. The evolution of valence 
band spectra with increasing Alq3 thickness on Co is displayed in Fig. 6.4(b). At low 
Alq3 coverages (i.e. 0.28 nm and 0.76 nm), the signal from the valence band of Alq3 
molecules can hardly be seen due to the huge intensity of 3d electrons from Co 
substrate. At a nominal thickness of 2.0 nm Alq3, the electrons originating from 
molecular occupied states start to dominate the overall spectra. At 4.5 nm Alq3, the 
HOMO onset is determined to be at around 2.2 eV BE. Moreover, the Fermi level is 
still visible in the valence band spectrum at 4.5 nm Alq3, implying an island growth 
mode for Alq3 growing on Co. 
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Figure 6.5 The evolution of (a) secondary electron cutoff and (b) valence band spectra as a 
function of C60 thickness on multilayer Alq3(4.5 nm)/Co substrate.  
 
6.3 C60 on Alq3/Co substrate 
6.3.1 Work function measurements and valence band spectra  
In Sec. 6.2.2, it was found that the vacuum level exhibits a downward shift after the 
growth of Alq3 molecules on Co substrate and the electron injection barrier between 
Co and the subsequent deposited organic molecules is expected to decrease after the 
insertion of an Alq3 thin film in between. In order to verify the effect of Alq3 buffer 
layer on the tuning of the interfacial electron injection barrier, a detailed UPS study of 
C60 deposited on Alq3-predecorated Co substrate is performed. In Fig. 6.5(a), the 
evolution of secondary electron cutoff is presented as a function of C60 thickness on 
multilayer-Alq3/Co substrate. The WF of Co film falls dramatically from 5.2 eV to 3.5 
eV after the deposition of the 4.5 nm Alq3 buffer layer, consistent with the results in 
Sec. 6.2.2. In the subsequent depositions of C60, it is observed that the WF moves 
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towards higher kinetic energy and finally becomes stable at around 4.1 eV from a 
nominal thickness of 4.0 nm C60. For organic-organic heterojunctions (OOHs), 
electrons are considered more localized in the organic solids. The surface and inter-
face states, which are well-known at inorganic semiconductor surfaces, do not exist 
on the surface of molecular film; and the interfacial dipole formed in OOH mainly 
arises from the charge transfer between the organic molecules [46, 176]. At the 
interface between C60 and multilayer-Alq3/Co substrate, the electrons are transferred 
from Alq3 to C60, resulting in an interfacial dipole of 0.6 eV. The evolution of valence 
band spectra of C60 on multilayer-Alq3/Co substrate is shown in Fig. 6.5(b). HOMO-1 
of C60 is clearly distinguished from a nominal thickness of 1.0 nm and its BE position 
remains almost constant with increasing thickness of C60, indicating the band bending 
in C60 film is negligible. Thus the vacuum level shift of 0.6 eV is mainly contributed 
by the interface dipole in this case. Moreover, it can be seen in Fig. 6.5(b) that the 
fullerene HOMO is almost superposed with that of Alq3. Therefore it is difficult to 
resolve the C60 component for the determination of fullerene HOMO at lower cover-
ages. From a nominal thickness of 2.0 nm C60, the contribution from underlying Alq3 
layer can be neglected, judging from the evolution of the peaks deeper than the 
HOMO (occupied molecular orbitals with higher BE). The HOMO barely changes 
position at fullerene thicknesses from 2.0 nm to 8.0 nm. The hole injection barrier ∆h 
as the lower BE onset of HOMO is determined to be 2.0 eV at 4.0 nm fullerene. With 
the known energy band gap (the difference between HOMO onset and LUMO onset) 
of 2.3 eV for C60 [109], the electron injection barrier ∆e can be determined to be about 
0.3 eV. In Chapter 3, it was found that the electron injection barrier between C60 and 
bare Co is about 0.6 eV; therefore the insertion of Alq3 buffer layer at C60/Co inter-
face effectively reduces the electron injection barrier by half. 
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Figure 6.6 The evolution of (a) secondary electron cutoff and (b) valence band spectra as a 
function of C60 thickness on monolayer Alq3/Co substrate.  
 
To investigate the effect of Alq3 layer thickness on the tuning of the electron in-
jection barrier, the thickness Alq3 interlayer was reduced from multilayer (~ 4.5 nm) 
to monolayer (~ 0.3 nm). Fig. 6.6(a) presents the secondary electron cutoff during the 
stepwise depositions of C60 on monolayer-Alq3/Co substrate. With the monolayer 
Alq3, the work function changes from 5.2 eV for bare Co thin film to 4.3 eV. The 
Pauli repulsion is the dominant contribution in this 0.9 eV vacuum level shift for 
monolayer Alq3 on Co [49, 175]. However, in contrast to the case when C60 deposited 
on multilayer Alq3 film, the vacuum level does not shift upon the deposition of C60 on 
monolayer Alq3. This is indicative of negligible integer charge transfer between C60 
and the monolayer Alq3 beneath [177]. Shown in Fig. 6.6(b) are the valence band 
spectra as a function of C60 thickness on monolayer-Alq3/Co. With the decoration of 
monolayer Alq3, the valence band spectrum exhibits almost no difference compared 
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with that of pristine Co thin film. From 2.0 nm C60, the spectral features of fullerene 
become clearly visible in the valence band spectra. The lower BE onset of HOMO is 
determined to be at about 2.0 eV at 4.0 nm fullerene, remaining the same as the case 
of C60 on multilayer-Alq3/Co substrate. This finding indicates that the tuning effect of 
monolayer Alq3 is as effective as that of the multilayer Alq3. 
 
Figure 6.7 The energy level alignment diagrams for Co on (a) bare Co film, (b) multilayer 
Alq3/Co substrate and (c) monolayer multilayer Alq3/Co substrate. 
 
6.3.2 Energy level alignment diagrams at interface between C60 and Alq3/Co 
The energy level alignment diagrams for C60 on Co, C60 on multilayer-Alq3/Co and 
C60 on monolayer-Alq3/Co are displayed in Fig. 6.7 with the ionization potential (IP) 
for C60 indicated, consistent with previously reported values [158, 178, 179]. The 
energy level alignment of C60/Co in Fig. 6.6(a) is taken from Chapter 3. As shown in 
the illustrations, the insertion of an Alq3 buffer layer between C60 and Co reduces the 
electron injection barrier from 0.6 eV to 0.3 eV. However, increasing the thickness of 
Alq3 cannot bring down ∆e further. It seems that the Fermi level after the growth of 
C60 is pinned at 0.3 eV below the fullerene LUMO, which can be satisfactorily 
explained by ICT model which has been introduced in Chapter 5.  
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Figure 6.8 (a) The electronic structure of multilayer Alq3/Co substrate (left), C60 molecules 
(middle) and monolayer Alq3/Co substrate (right), before bringing C60 in contact with sub-
strates. (b) The energy level alignment diagrams at the interface between C60 and multilayer 
Alq3/Co, monolayer Alq3/Co after the formation of C60 film on each substrate. 
 
As illustrated in Fig. 6.8(a), the WF of multilayer-Alq3/Co and monolayer-
Alq3/Co substrates is 3.5 eV and 4.3 eV, respectively. For multilayer Alq3/Co sub-
strate, its EF is located above the negative integer charge transfer state of C60, that is, 
sub  < EICT-. Therefore electrons will spontaneously flow from the bottom multilayer-
Alq3/Co to the LUMO of C60 overlayer across the interface when fullerene molecules 
are deposited onto the substrate. An interface dipole will be produced in the charge 
transfer, with its negative terminal at the C60 side, which is reflected by the upward 
shift of vacuum level upon the growth of C60 molecules. The charge transfer continues 
until the interfacial potential equilibrium is reached, that is, the Fermi level is aligned 
with EICT- of C60. However, for the monolayer-Alq3/Co substrate, coincidently its 
Fermi level is aligned with the negative integer charge transfer state EICT- of C60; thus 
there will be no interfacial charge transfer after bringing C60 molecules onto the 
monolayer-Alq3/Co. The vacuum level will hold constant across the interface between 
C60 and monolayer-Alq3/Co substrate due to the absence of interface dipole. In this 
case, the Fermi level remains aligned with the molecular EICT- after the growth of C60. 
As illustrated in Fig. 6.8(b), EICT- of C60 is about 0.3 eV below the molecular LUMO. 
Therefore, changing the thickness of Alq3 buffer layer between C60 and Co will not 
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make any difference to the tuning effect of interfacial electron injection barrier Δe, as 
the Fermi level is pinned at 0.3 eV below the fullerene LUMO, as long as the WF of 
substrate is smaller than EICT- of C60. 
  
Figure 6.9 The evolution of (a) secondary electron cutoff and (b) valence band spectra as a 
function of PTCDA thickness on multilayer Alq3(4.5 nm)/Co substrate.  
 
6.4 PTCDA on Alq3/Co substrate 
6.4.1 Work function measurements and valence band spectra 
Besides C60, PTCDA was also deposited on Alq3/Co substrates in order to acquire a 
more comprehensive understanding of the tuning effect of the electron injection 
barrier by introducing Alq3 buffer layer at the interface between n-type organic 
molecules and Co. Fig. 6.9 shows the evolution of UPS spectra as a function of 
PTCDA thickness on 6.0 nm Alq3/Co substrate. In Fig. 6.9(a), upon the deposition of 
6.0 nm Alq3, the WF of bare Co changes from 5.2 eV to 3.4 eV, in accordance with 
the results in Sec. 6.2.2. In the subsequent depositions of PTCDA on Alq3 pre-
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decorated Co substrate, the WF shifts towards lower kinetic energy and finally 
stabilizes at around 4.6 eV at a nominal thickness of 1.2 nm PTCDA. The total 
vacuum level shift of about 1.2 eV after the growth of PTCDA overlayer on multi-
layer-Alq3/Co substrate reveals the formation of an interface dipole with its negative 
terminal located at the side of the PTCDA overlayer. Fig. 6.9(b) displays the evolu-
tion of valence band spectra with increasing PTCDA thickness on multilayer-Alq3/Co. 
As guided by the dashed line, it can be seen that the HOMO of PTCDA overlaps with 
that of Alq3; therefore it is difficult to resolve the contribution from PTCDA for 
determining the HOMO onset at lower coverages (i.e. 0.3 nm and 0.6 nm). From a 
nominal thickness of 1.2 nm, the signal from the PTCDA overlayer becomes domi-
nant in the valence band spectra, judging from the fact that the features of peaks at 
higher BE than HOMO (e.g. HOMO-1, HOMO-2…) almost hold constant from 1.2 
nm to 4.8 nm PTCDA. At 4.8 nm PTCDA, the HOMO onset is determined to be at 
2.0 eV BE, that is, the hole injection barrier Δh at the interface between PTCDA and 
multilayer-Alq3/Co substrate is 2.0 eV. Given that the transport gap of PTCDA is 
about 2.8 eV in the literature [108, 109], the electron injection barrier Δe at the 
interface between PTCDA and multilayer-Alq3/Co can be calculated to be 0.8 eV. 
Note that Δe at the PTCDA/Co interface is about 1.1 eV as discussed in Chapter 3, 
therefore it can be seen that the insertion of Alq3 buffer layer between PTCDA and Co 
can effectively reduce the interfacial electron injection barrier Δe by 0.3 eV. Further-
more, the IP of PTCDA thin film can be obtained by summing up Δh and WF, which 
is 6.6 eV, in accordance with reported values [111, 180]. 
To investigate whether the tuning effect of Δe at PTCDA/Co interface is depend-
ent on the thickness of the Alq3 buffer layer, the thickness of Alq3 interlayer is 
reduced from multilayer (~ 6.0 nm) to monolayer (~ 0.3 nm). Fig. 6.10 exhibits the 
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evolution of UPS spectra during the stepwise deposition of PTCDA molecules on 
monolayer Alq3/Co substrate. In Fig. 6.10(a), the WF of Co film is seen to drop from 
5.2 eV to 4.4 eV after the growth of about monolayer Alq3. This reduction in WF is 
consistent with the findings in Sec. 6.2.2. In the subsequent depositions of PTCDA, 
the secondary electron cutoff shifts towards lower kinetic energy gradually and finally 
stabilizes at around 4.7 eV from a nominal thickness of 2.8 nm PTCDA. This vacuum 
level shift of 0.3 eV after the growth of PTCDA is attributed to the formation of an 
interface dipole, with it negative terminal at PTCDA overlayer. However, the magni-
tude of vacuum level shift is 0.9 eV smaller than the case of PTCDA on multilayer-
Alq3/Co (~ 1.2 eV), implying a weaker interfacial charge transfer when PTCDA is 
grown on monolayer Alq3/Co. In Fig. 6.10(b), the evolution of valence band during 
the depositions of PTCDA on monolayer-Alq3/Co substrate is shown. At lower 
PTCDA coverages (e.g. 0.3 nm and 0.7 nm), the molecular valence band features can 
 
Figure 6.10 The evolution of (a) secondary electron cutoff and (b) valence band spectra as a 
function of PTCDA thickness on monolayer Alq3(0.3 nm)/Co substrate.  
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hardly be resolved due to the strong Co 3d substrate signals. From a nominal thick-
ness of 2.8 nm PTCDA, the peaks corresponding to molecular occupied orbitals can 
be clearly resolved. As guided by the dashed line, the BE position of molecular 
HOMO almost remains constant from 2.8 nm to 8.0 nm PTCDA. The lower BE onset 
of HOMO is determined to be at around 2.0 eV at 5.6 nm PTCDA and therefore the 
resulting electron injection barrier Δe is 0.8 eV, the same as in the case when PTCDA 
was deposited on multilayer-Alq3/Co substrate. This finding demonstrates that the 
tuning effect of Δe at the PTCDA/Co interface is independent of the thickness of the 
Alq3 buffer layer. The monolayer Alq3 film can tune the interfacial Δe as effectively 
as the multilayer one. 
 
Figure 6.11 The energy level alignment diagrams for (a) PTCDA/Co interface, (b) 
PTCDA/multilayer Alq3/Co and PTCDA/monolayer Alq3/Co. The left part of (b) shows the 
electronic structures of multilayer Alq3/Co, PTCDA and monolayer Alq3/Co before bringing 
PTCDA molecules in contact with the substrates. The right part of (b) shows the energy level 
alignment diagrams at the interface between PTCDA and multilayer Alq3/Co, monolayer 
Alq3/Co after the formation of PTCDA film on each substrate. 
 
6.4.2 Energy level alignment diagrams at interface between PTCDA and 
Alq3/Co 
Fig. 6.11(a) shows the energy level alignment diagram for the PTCDA/Co interface, 
as presented in Chapter 3. It can be seen that the electron injection barrier for PTCDA 
grown on bare Co film is about 1.1 eV. In Fig. 6.11(b) the energy level alignments for  
PTCDA on multilayer-Alq3/Co and monolayer Alq3/Co substrates are illustrated 
based on the ICT model. As shown in the left part of Fig. 6.11(b), the WF of multi-
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layer Alq3/Co and monolayer Alq3/Co substrates is 3.4 eV and 4.4 eV, respectively. 
For both cases, the EF is located above the negative integer charge transfer state of 
PTCDA, that is, the sub  < EICT-. Therefore the electrons will spontaneously flow 
from the Alq3/Co substrates to the LUMO of PTCDA molecules in the interfacial 
region, when PTCDA is brought into contact with the Alq3/Co substrates. Due to the 
charge transfer between Alq3/Co substrates and PTCDA molecules, interface dipole 
will be produced with its negative terminals at the side of PTCDA overlayers. The 
electron flow continues until EF is aligned with the negative integer charge transfer 
state EICT- of PTCDA, that is, the EF is pinned at 0.8 eV below the organic LUMO. 
Therefore, the tuning effect of the electron injection barrier is independent of the 
thickness of Alq3 layer, as long as the EF of the Alq3/Co substrate is smaller than the 
negative integer charge transfer state EICT- of the PTCDA molecule. In Fig. 6.11(b), 
the value of EICT- for PTCDA can be determined to be about 4.7 eV, which is in good 
agreement with reported values [159, 181]. From a comparison between Fig. 6.8 and 
6.11, it can be found that the value of EICT- for PTCDA is larger than that for C60, 
therefore a stronger charge transfer should occur at the interface between PTCDA and 
Alq3/Co substrate. This can explain why the interface dipole at the interface between 
PTCDA and Alq3/Co substrate is larger than that at the interface between C60 and 
Alq3/Co substrate. 
6.5 Chapter summary 
In this chapter, the interfacial electronic structures between Alq3 and Co are investi-
gated using synchrotron-based PES. The interfacial chemical reactions between Alq3 
molecules and Co atoms are confirmed by the evolution of C 1s and O 1s core level 
spectra from the Alq3 overlayer. The interface dipole of about 1.7 eV is observed at 
the Alq3/Co interface, implying the possibility of reducing the electron injection 
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barrier by introducing Alq3 buffer layer at the interface between Co and subsequent 
deposited organic materials. Thereafter the interfacial electronic structures at the 
interface between n-type organic molecules (C60 and PTCDA) and Alq3/Co substrates 
are studied to verify the tuning effect of Alq3 buffer layer on the interfacial electron 
injection barrier Δe. It is found that ∆e at C60/Co, PTCDA/Co interface reduces from 
0.6 eV to 0.3 eV, and 1.1 eV to 0.8 eV, respectively, after inserting an Alq3 interlayer 
at the interface. Therefore Alq3 is shown to an effective buffer layer to decrease ∆e 
between ferromagnetic metals and n-type organic molecules. Moreover, by reducing 
the thickness of Alq3 buffer layer from multilayer to monolayer, the tuning effect of 
Δe is found to be independent of the thickness of Alq3 buffer layer at both C60/Co and 
PTCDA/Co interfaces. This behavior can be explained by the ICT model: the Fermi 
level after the growth of organic molecules is pinned to the molecular negative charge 
transfer state EICT-.  
The successful demonstration of reducing the electron injection barrier between 
n-type organic semiconductors and magnetic electrode Co by the insertion of Alq3 
buffer layer at the interface paves the way to improve interfacial electron injection 
efficiency and the overall performance of the spintronic devices. It has been success-
fully demonstrated that Alq3 buffer layer at ITO/NPB interface can significantly 
improve the electroluminescence efficiency [182]. Hence, Alq3 has the potential for 





CONCLUSIONS AND OURTLOOK 
7.1 Thesis summary 
This thesis aims to investigate the electronic properties and energy level alignments at 
the interface between π-conjugated organic molecules and a ferromagnetic Co sub-
strate, and to study the effect of introducing an interfacial buffer layer (i.e. MoO3 and 
Alq3) on the energy level alignment at the organic/Co interface. Focus is given to 
tuning the interfacial hole/electron injection barrier via the insertion of MoO3/Alq3 
buffer layer at the interface between p-type/n-type organic semiconductors and the Co 
substrate. 
In Chapter 3, the structural and electronic properties and energy level alignments 
between four types of organic semiconductor (i.e. CuPc, pentacene, C60 and PTCDA) 
the Co substrate are investigated by UPS and AFM. From the interfacial energy level 
alignment diagrams, it is revealed that for the p-type organic molecule/Co interface, 
such as CuPc/Co and pentacene/Co interfaces, the interfacial hole injection barrier Δh 
is significantly smaller than the electron injection barrier Δe. For the n-type organic 
molecule/Co such as C60/Co and PTCDA/Co interfaces, the situation is reversed: Δe is 
much smaller than Δh. Therefore under the same conditions, holes/electrons are more 
prone to be injected at the interfaces between p-type/n-type organic semiconductors 
and Co respectively. From the device perspective, it is important to optimize the 
carrier injection barrier at the interface between the ferromagnetic metal electrode and 
organic transporting layer in order to increase the injection efficiency, for example, 
via the insertion of a buffer layer at the interface. Based on specific requirements, the 
buffer layer used to modify the surface potential of ferromagnetic metals could be 
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either transition metal oxides (e,g. MoO3) or organic thin films (e.g. Alq3). Besides 
the PES study, the morphological properties of the organic thin films are also exam-
ined by tapping mode AFM. It is observed that the four molecules adopt an island 
growth mode on the Co substrate. However, the roughness of organic thin films 
differs significantly, as revealed by the RMS values of the corresponding AFM 
images. The difference in the morphological properties of the organic thin films is 
attributed to the interplay of the molecule-substrate and intermolecular interactions.  
Investigations on the interfacial electronic structures and properties at the inter-
face between Co and MoO3 are the topic of Chapter 4. It is found that interfacial 
reactions between Co atom and MoO3 molecules exist at both MoO3/Co and 
Co/MoO3 interfaces, and due to the high WF of MoO3 film, the vacuum level exhibits 
a huge upward shifting after the growth of MoO3 molecules on Co substrate, which is 
expected to decrease the hole injection barrier between Co and subsequently deposit-
ed organic molecules. Moreover, the interface states induced by the interfacial 
chemical reactions between Co and MoO3 may act as intermediate hopping energy 
states when holes are injected from Co electrode to the organic thin film. In order to 
examine the tuning effect of MoO3 buffer layer on the interfacial hole injection barrier 
between Co and the subsequently deposited organic molecules, the interfacial elec-
tronic structures and energy level alignments between p-type organic semiconductors 
(i.e. CuPc and pentacene) and MoO3/Co substrate are discussed in Chapter 5. It is 
demonstrated that the hole injection barrier Δh at CuPc/Co and pentacene/Co interfac-
es decreases significantly after the insertion of MoO3 buffer layer at the interface. In 
addition, the tuning effect is similarly independent of the thickness of MoO3 thin film. 
This phenomenon of Fermi level pining effect can be explained using the ICT model. 
These results indicate that the introduction of a MoO3 buffer layer at the interface 
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between p-type organic materials and ferromagnetic metal can effectively reduce the 
hole injection barrier Δh. Therefore MoO3 has the potential to be applied to the 
fabrication of p-type organic semiconductor-based spin valves to improve the device 
performance. 
In Chapter 6, the interfacial electronic structures and properties between Alq3 
overlayer and Co substrate are investigated. Strong interfacial chemical reactions are 
observed at the Alq3/Co interface. An interface dipole which induces a large down-
ward shifting of the vacuum level is observed at the Alq3/Co interface, implying the 
possibility of using an Alq3 buffer layer to reduce the electron injection barrier Δe 
between Co and the subsequently deposited organic materials. To verify this hypothe-
sis, the interfacial electronic structures at the interface between n-type organic 
molecules (i.e. C60 and PTCDA) and Alq3/Co substrates are studied. It is found that ∆e 
at C60/Co, PTCDA/Co interfaces reduce substantially after the insertion of Alq3 
interlayer sandwiched between the organic films and Co substrate. By reducing the 
thickness of Alq3 buffer layer from multilayer to monolayer, the tuning effect of Δe is 
found to be independent of the thickness of Alq3 buffer layer at either C60/Co or 
PTCDA/Co interface, which can also be satisfactorily explained by the ICT model. 
Therefore Alq3 is shown to be an effective buffer layer for tuning the electron injec-
tion barrier Δe between n-type organic semiconductors and Co, and can be employed 
to enhance the performance of n-type organic semiconductor-based spintronic devic-
es. 
Our work on tuning the carrier injection barrier at the interface between organic 
semiconductors and ferromagnetic metal using MoO3 and Alq3 opens new opportuni-
ties to effectively engineer and optimize the interfacial electronic properties and 
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energy level alignments, which will help improve the interfacial carrier injection 
efficiency and the overall performance of organic-based spintronic devices.  
7.2 Future work  
In this thesis we conducted extensive investigations on the interface between various 
organic semiconductors and the ferromagnetic metal Co, and examined the tuning of 
carrier injection barriers by introducing MoO3 and Alq3 buffer layer at the interface. 
However, studies on engineering the interface between half metallic ferromagnets 
(e.g. LSMO, Fe3O4, CrO2 etc.) and organic semiconductors are still lacking. As most 
of the half metals feature a high spin polarization (almost 100%) and high Curie 
temperature Tc (LSMO ~ 364 K, Fe3O4 ~ 860 K, CrO2 ~ 390 K), they are among the 
most competitive candidates as ferromagnetic electrodes in the development of 
organic spin devices [183, 184]. Further work can be done to investigate the interface 
between these half metals and organic semiconductors. 
Although it has been demonstrated by PES study that the insertion of MoO3 or 
Alq3 buffer layer at the interface between ferromagnetic metal and organic semicon-
ductors can effectively optimize the carrier injection barrier, the consequences 
brought by the insertion of these buffer layers require more knowledge on the 
transport properties [e.g. I-V (current-voltage) characteristic] of a completed sand-
wiched device with and without the buffer layers. Furthermore, to probe how the 
introduction of interfacial buffer layers (i.e. MoO3 and Alq3) influences the operation 
of an organic spin valve, more work is needed on measuring the GMR values of 
organic spin valves and making a comparison of spin valves with and without 
MoO3/Alq3 buffer layers between the ferromagnet electrode and organic transporting 
layer.
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